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USE OF A COMBINATION CHAIN TRANSFER
AND ACTIVATING AGENT TO CONTROL
MOLECULAR WEIGHT AND OPTICAL
DENSITY OF PD CATALYZED NORBORNENEL
POLYMERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority from U.S.
Provisional Patent Ser. No. 60/921,066, filed Mar. 30, 2007,
and U.S. Provisional Patent Ser. No. 60/993,866, filed Sep.

14, 2007, both of which are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates generally to poly(cyclic)ole-
fin polymers and more particularly to, norbornene-type poly-
mers prepared with a chain transfer/activating agent for con-
trolling molecular weight providing appropriately low optical
densities and uses of such polymers.

BACKGROUND

Poly(cyclic)olefin polymers, such as those including nor-
bornene-type repeating unit structures, have shown promise
for use 1n photoresist compositions suitable for exposure at
wavelengths such as 193 nm and 157 nm. For example, posi-
tive acting (positive tone) photoresists encompassing nor-
bormene-type polymers have shown high dissolution rates
alter 1mage-wise exposure and post-exposure thermal treat-
ment, as well as superior resistance to dry etch and other
typical semiconductor processing steps and acceptably low
optical densities at the alorementioned wavelengths.

It 1s generally known that low molecular weight polymers,
such as those used for photoresist compositions, tend to
exhibit higher dissolution rates than their higher molecular
weilght analogs. Unfortunately, 1t 1s also known that such low
molecular weight materials generally have a higher optical
density (OD) than their higher molecular weight analogs.
(See, Barclay et al. Macromolecules 1998, 31, 1024 for a
discussion of these 1ssues for poly(4-hydroxystyrene), the
preferred material for 248 nm photoresists.) As a result, 1t 1s
often necessary for a person designing such a polymer to
target a higher molecular weight than desired for an optimal
dissolution rate so that an acceptable OD can be obtained. It
tollows then that this compromise between optimal dissolu-
tion rate and optimal OD results 1n a photoresist composition
that 1s not optimized for either characteristic.

While optically transparent dissolution rate modifiers
(DRMs), a material that can be added to the photoresist com-
position to enhance the dissolution rate 1n appropriate areas of
the resist and the use of an olefinic chain transter agent (CTA)
during the forming of a polymer can provide for acceptable
dissolution rates, DRMs increase both the complexity of the
resist composition and its cost, while olefinic CTAs have been
found to provide acceptably low molecular weight polymers
with higher than desirable ODs.

In U.S. Published Application 2004/02291357, non-olefinic
chain transifer agents, such as hydrogen and some alkyl
silanes, are described. While both types of CTAs can success-
tully control the molecular weight of norbornene-type poly-
mers while not resulting 1n increased optical density, hydro-
gen’s flammability and the need to remove silane residues
from the polymer product where alkyl silanes are employed
can at times be problematic.
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Therelfore, 1t would be desirable to find alternative methods
of providing controllably low molecular weight polymers
that do not encompass the above-mentioned deficiencies and/
or problems while providing for norbornene-type polymers
having both controllable molecular weight and appropnately
low ODs. Further such alternate methods should not result 1in
an unacceptable reduction 1n the conversion rate of the poly-
merization as compared to previously described CTAs. Still
turther, such alternate methods should not mapproprately
increase the complexity of the process or the cost of the
resulting polymer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic of a theoretical polymerization
mechanism of embodiments of the present invention;

FIG. 2 shows a 3-D plot of optical density (OD) as a
function of temperature and concentration of formic acid for
polymers prepared according to Polymerization Examples 22
and 40:; and

FIG. 3 shows a plot of molecular weight (IMw) as a function
ol concentration of formic acid for copolymers of HFANB/
MeOAcCNB made using different palladium catalysts and at
different temperatures.

DETAILED DESCRIPTION

Embodiments in accordance with the present invention are
directed to providing methods of forming polycyclic olefin
polymers, such as norbornene-type polymers, with both con-
trollable molecular weight and desirably low optical density.
Some embodiments 1n accordance with the present invention
are Turther directed to providing such methods and polymers
where essentially phosphorus-free polymerization catalysts
are employed.

Unless otherwise indicated, all numbers, values and/or
expressions referring to quantities of ingredients, reaction
conditions, etc., used herein are to be understood as modified
in all instances by the term “about” as absent the aforemen-
tioned 1ndication, such numbers are approximations reflec-
tive of, among other things, the various uncertainties of mea-
surement encountered in obtaining such values. Further,
where a numerical range 1s disclosed herein such range 1s
continuous, and ncludes every value between the minimum
and maximum values of such range. Still further, where a
range refers to integers, every integer between the minimum
and maximum values of such range 1s included.

As used herein, the term “polymer composition™ 1s meant
to 1mnclude a synthesized polymer, as well as residues from
initiators, catalysts and other elements attendant to the syn-
thesis of such polymer, where such residues are understood as
not being covalently incorporated thereto. Such residues and
other elements considered as part of the polymer composition
are typically mixed or co-mingled with the polymer such that
they tend to remain with the polymer when it 1s transferred
between vessels or between solvent or dispersion media. A
polymer composition can also include materials added after
synthesis of the polymer to provide or modily specific prop-
erties to such composition.

As used herein, “hydrocarbyl” refers to a radical of a group
that contains only carbon and hydrogen, non-limiting
examples being alkyl, cycloalkyl, aryl, aralkyl, alkaryl, and
alkenyl. The term “halohydrocarbyl™ refers to a hydrocarbyl
group where at least one hydrogen has been replaced by a
halogen. The term perhalocarbyl refers to a hydrocarbyl
group where all of the hydrogens have been replaced by a
halogen.
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As used herein, “alkyl” refers to a linear or branched acy-
clic or cyclic, saturated hydrocarbon group having a carbon
chain length of, for example, from C, to C,.. Non-limiting
examples of suitable alkyl groups include, but are not limited
to, —(CH,);CH;, —(CH,),CH;, —(CH,)sCH;, —(CH,),,
CH,, —(CH,),,CH; and cyclohexyl. The term “alkylol”
refers to alkyl groups that include one or more hydroxyl
groups.

As used herein the term “aryl” refers to aromatic groups
that include, without limitation, groups such as phenyl, biphe-
nyl, benzyl, xylyl, naphthalenyl, anthracenyl and the like, as
well as heterocyclic aromatic groups that include, without
limitation, pyridinyl, pyrrolyl, furanyl, thiophenyl and the
like.

As used herein the terms “alkaryl” or “aralkyl” refer to a
linear or branched acyclic alkyl group substituted with at least
one aryl group, for example, phenyl, and having an alkyl
carbon chain length of C, to C, . The aryl group can be further
substituted, 11 desired. Non-limiting examples of suitable
substituent groups for the aryl group include, among others,
hydroxyl groups, benzyl groups, carboxylic acid and car-
boxylic acid ester groups and aliphatic hydrocarbon groups.
The alkyl group can be substituted with halogens.

As used herein, “alkenyl” refers to a linear or branched
acyclic or cyclic hydrocarbon group having one or more
double bonds and having an alkenyl carbon chain length of C,
to C,-.

It will be understood that 1n the context of this disclosure,
the term “low molecular weight” should be taken to mean a
polymer with a molecular weight of less than about 20,000. It
will also be understood that the term “low optical density”™
(low OD) should be taken to mean an optical density (OD) at
193 nm of less than about 0.25.

Additionally, 1t will be understood that 1n the context of this
disclosure, the terms ‘“‘non-phosphorous containing” or
“phosphorous-iree” when used to describe palladium cata-
lysts, also include such catalysts that do not encompass
arsenic (As), stilbene (Sb) or bismuth (B1).

Methods 1n accordance with the present invention encom-
pass combining one or more poly(cyclic)olefin monomers, a
palladium catalyst, and a chain transfer/activating agent
(CTAA) to form a mixture; and causing such mixture to
polymerize thus forming a desired polymer. In some embodi-
ments, such palladium catalyst 1s a non-phosphorus contain-
ing palladium catalyst. Advantageously, it has been found that
the CTAAs employed in such embodiments can both control
the molecular weight of the resultant polymer via a chain
termination step and serve as a catalyst activating agent. As
will be later shown, optimizing the reaction conditions (1.¢.,
temperature, time, amount of CTAA added) can produce low
molecular weight polymers with a generally high conversion
rate as compared to an agent capable only of chain transier
and 1n some embodiments, advantageously provide polymers
with a desirably low optical density (OD).

Without wishing to be bound to any particular theory, 1t 1s
believed that a proposed reaction scheme 1s presented 1n FIG.
1. For ease of understanding and explanation, the description
of FIG. 1 employs formic acid as an exemplary CTAA, pal-
ladium acetate as an exemplary catalyst and a generic substi-
tuted norbornene-type monomer. As shown, 1t 1s believed that
the CTAA promotes the forming of an active palladium
hydride cation PAH™ which can participate in one of the two
major chain transier events that are operative and competing.
In the upper half of the mechanism, a unimolecular chain
transier event that first involves 1nsertion of the norbornene
double bond 1nto the Pd—H bond of the cationic PdH. Once

formed, this intermediate 1s believed to be capable of under-
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going a rearrangement of the bicyclic system 1nto a monocy-
clic system by [(3-carbon cleavage of the methylene bridge
thus forming an endo-cyclic double bond where the Pd has
migrated to the former methylene bridge carbon as seen 1n the
second intermediate. While prior to this rearrangement the Pd
was not beta (p) to readily accessible hydrogens, 1n the result-
ing intermediate, the Pd can freely rotate so as to align 1tself
for H elimination from the 3-tertiary carbon shown, to allow
for the forming of an exo-cyclic double bond thus terminating
the polymer chain with a diene end group, as depicted. The
cationic Pd—H species eliminated should then be available
for subsequent chain initiation. Thus 1n this upper mechanism
3-C cleavage 1s a prelude to the p-H chain transier reaction
that serves to terminate a polymer chain during the polymer-
1zation.

In the lower half of the proposed mechanism, a bimolecular
chain transfer event 1s shown. In this mechanism the interme-
diate described above 1s again believed to be formed by 1nser-
tion of the norbornene double bond into the Pd—H bond of
the PdH™, but rather than a rearrangement, a bimolecular
reaction with the acidic hydrogen of the formic acid CTAA
serves to eliminate the Pd as a Pd-formate and terminate the
polymer chain with a hydrogen end group, as depicted. It 1s
believed that this cation can advantageously eliminate CO,
and re-form the catiomic Pd—H species. Thus the formic acid
serves to both imitiate the chain transfer and reform the active
Pd—H cation. It should be understood that i1s the degree to
which each of the upper or lower chain transfer events occur
that contributes to the combined molecular weight and optical
density lowering of the polymers that result from the use of a
CTAA. That 1s to say, 1f the upper mechanism in which diene
end groups are created predominates, a majority of polymer
chains having a diene termination will be created while 1f, by
and through the addition of a CTAA such as formic acid, the
lower mechanism predominates, a majority of polymer
chains will be hydrogen terminated.

Thus CTAAs, in general, are believed to have the necessary
properties to terminate the chain of a growing polymer as well
as to enable an intermediate catalyst complex to generate an
active palladium hydride for continued chain polymerization.
Some embodiments of the present invention encompass
CTAAs such as formic acid, however while only formic acid
embodiments are exemplified heremafter, it 1s believed that
other such acids, for example, thio-formic acid and dithio-
formic acid, among others, can also perform as CTAAs.
Theretore 1t 1s not the intent of the inventors to limait the scope
and spirit of the present invention to formic acid.

It has been found that the molecular weight of the resulting
polymer 1s related, in part, to the concentration of the CTAA,
since 1n most mstances 1t 1s observed that as the CTAA con-
centration increases, the molecular weight of the resultant
poly(norbornene) decreases. However, 1t 1s also observed that
in some instances certain concentrations of CTAA produce
polymers with unexpectedly high molecular weights. With-
out wishing to be bound by theory, and as shown 1n FIG. 1, 1t
1s believed that the since both the activation effect and termi-
nating effect of such agent are created by the same agent such
elfects are necessarily related. Theretore, 1t may very well be
that at certain concentration levels of the CTAA, one effect
may predominate over the other. Thus, while the theoretical
reaction schemes of FIG. 1 illustrates that the CTAA can be
both an activating agent and a chain transfer agent, such
scheme does not address any effects that variations in relative
amount/concentration of the CTAA employed can cause.
While this relationship will be discussed more fully below
and 1llustrated by the Examples provided hereinafter, it
should be understood, that for any polymerization reaction
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(the catalyst, CTAA, monomer(s), solvents, etc.) the relative
amounts of the several matenials provided to the reaction
vessel as well as the reaction conditions (time, temperature,
etc.) employed can influence the polymer obtained. That 1s to
say, for any set of matenals, varying these relative amounts
and/or reaction conditions can readily be used to provide a
desired polymer.

It should be further noted that in embodiments of the
present invention where a phosphorous-containing catalyst
complex 1s employed, chain termination to form the diene
seems less favored than in embodiments that employ a phos-
phorous-iree catalyst complex. While this difference between
these types of catalysts 1s not fully understood, 1t 1s believed
that where a phosphorous-iree complex contains at least one
moiety that 1s replaceable by one or more CTAA’s, a poly-
merization employing such a complex will generally provide
a polymer having a lower optical density as the CTAA con-
centration 1s increased.

Embodiments in accordance with the present invention are
suitable for the preparation of polymers encompassing a wide
range of norbornene-type repeating units. As defined herein,
the terms “polycycloolefin”, “poly(cyclic)olefin™, and “nor-
bornene-type” are used interchangeably and refer to addition
polymerizable monomers (or the resulting repeating unit),

that encompass at least one norbornene moiety such as shown
below:

The simplest norbornene-type or poly(cyclic)olefin mono-
mer encompassed by embodiments 1n accordance with the
present invention 1s the bicyclic monomer, bicyclo[2.2.1]
hept-2-ene, commonly referred to as norbornene. However,
the term norbornene-type monomer or repeating unit 1s used
herein to mean norbornene itself as well as any substituted
norbornene(s), or substituted and unsubstituted higher cyclic
derivatives thereof. Structural formula A, shown below, 1s
representative of such norbornene monomers:

where X 1s selected from —CH,—, —CH,—CH,,, O, S, and
—NH—; m 1s an mteger from O to 5 and each occurrence of
R', R*, R’ and R* independently represents hydrogen, a
hydrocarbyl or other substituent.

When any of R' to R* is a hydrocarbyl group, such group
can be a C, to C;, alkyl, aryl, aralkyl, alkaryl, alkenyl, alky-
nyl, cycloalkyl, cycloalkenyl, alkylidenyl or alkylsilyl group.
Representative alkyl groups include, but are not limited to,
methyl, ethyl, propyl, 1sopropyl, butyl, 1sobutyl, sec-butyl,
tert-butyl, pentyl, neopentyl, hexyl, heptyl, octyl, nonyl and
decyl. Representative alkenyl groups include, but are not
limited to, vinyl, allyl, butenyl and cyclohexenyl. Represen-
tative alkynyl groups include, but are not limited to, ethynyl,
1 -propynyl, 2-propynyl, 1-butynyl and 2-butynyl. Represen-
tative cycloalkyl groups include, but are not limited to, cyclo-
pentyl, cyclohexyl and cyclooctyl substituents. Representa-
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tive aryl groups include, but are not limited to, phenyl,
naphthyl and anthracenyl. Representative aralkyl groups
include, but are not limited to, benzyl and phenethyl. Repre-
sentative alkylidenyl groups include methylindenyl and eth-
ylidenyl groups. In addition, 1t should be noted that the hydro-
carbyl groups mentioned above can be substituted, that 1s to
say one of the hydrogen atoms replaced, with linear and
branched C,-C,, alkyl, haloalkyl and perhaloalkyl groups,
aryl groups and cycloalkyl groups.

Any of R' toR* can also be ahalohydrocarbyl group, where
such group includes any of the hydrocarbyls mentioned above
where at least one, but less than all, of the hydrogen atoms of
the hydrocarbyl are replaced by a halogen (fluorine, chlorine,
bromine or iodine). Additionally, any of R' to R* can be a
perhalocarbyl, where such group includes any of the hydro-
carbyls mentioned above where all of the hydrogen atoms of
the hydrocarbyl are replaced by a halogen. Useful perfluori-
nated substituents include perfluorophenyl, pertluoromethyl,
pertluoroethyl, pertfluoropropyl, pertluorobutyl and pertluo-
rohexyl.

When the pendant group(s) 1s an other substituent, any of
R*' to R*independently represent linear or branched carboxy -
lic acid, carboxylic acid ester, carboxylic acid ether, ether,
alcohol and carbonyl groups. Representative examples of
“other” substituents are functional substituents that include,

but not limited, to radical selected from —(CR",),—C(O)

OR?, —(CRT,),—0O—R>, —(CRT,), —C(O)—R>,
—(CR%,)), Si—R>, —(CRY%) Si(O—R’),, -A-O
[—(C(RS)z ), ]H—(C(RS)Z ),—OH and RS—(Z):

where ‘n’ independently represents an integer from 0to 10, R
can be hydrogen or halogen and each R> independently rep-
resents hydrogen, halogen, C, to C,, alkyl, aryl, aralkyl,
alkaryl, alkenyl, alkynyl, cycloalkyl, cycloalkenyl and alky-
lidenyl groups that can also contain one or more hetero atoms.
Further, ‘A’ 1s a linking group selected from C, to C, linear,
branched, or cyclic alkylene, and ‘7’ 1s a functional group
selected from hydroxyl, carboxylic acid, amine, thiol, 1socy-
anate and epoxy. Representative hydrocarbyl groups set forth
under the definition of R are the same as those identified

above under the definition of R to R*, above. Further, R” can
represent a moiety selected from —C(CH,),, —S1(CH,),,

—CH(R’)OCH,CH,, —CH(R>")OC(CH,), or the follow-
ing cyclic groups:

H3C 7 \ CH3
R3? : é :
RS? RS?

O

OO
N |

R3?
\[Oj
O
where R>’ represents hydrogen or a linear or branched (C, -
C.)alkyl group. The alkyl groups include methyl, ethyl, pro-

pyl, 1-propyl, butyl, 1-butyl, t-butyl, pentyl, t-pentyl and neo-
pentyl. In the above structures, the single bond line projecting
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from the cyclic groups indicates the position where the cyclic
group 1s bonded to the acid substituent.

Thus, examples of R include 1-methyl-1-cyclohexyl,
1sobornyl, 2-methyl-2-1sobornyl, 2-methyl-2-adamantyl, tet-
rahydrofuranyl, tetrahydropyranoyl, 3-oxocyclohexanonyl,
mevalonic lactonyl, 1-ethoxyethyl and 1-t-butoxy ethyl radi-
cals, as well as the dicyclopropylmethyl (Dcpm), and dim-
cthylcyclopropylmethyl (Dmcp) groups represented by the
following structures:

Voo

——(C—H, and —C—CH3

Further, in some embodiments in accordance with the
present mvention, monomers represented in Structural For-
mula A above, can have R* and R* taken together with the two
ring carbon atoms to which they are attached represent a
substituted or unsubstituted cycloaliphatic group containing
4 to 30 ring carbon atoms or a substituted or unsubstituted aryl
group containing 6 to 18 ring carbon atoms or combinations
thereol. The cycloaliphatic group can be monocyclic or poly-
cyclic. When unsaturated the cyclic group can contain
monounsaturation or multiunsaturation, with monounsat-
urated cyclic groups being found useful. When substituted,
the rings contain monosubstitution or multisubstitution
wherein the substituents are independently selected from
hydrogen, linear and branched C,-C. alkyl, linear and
branched C,-C; haloalkyl, linear and branched C,-C; alkoxy,
halogen, or combinations thereof. The radicals R' and R* can
be taken together to form the divalent bridging group,
—(C(0)-G-(0O)C—, which when taken together with the two
ring carbon atoms to which they are attached form a penta-
cyclic ring, where G represents an oxygen atom or the group
N(R>®), and R>® is selected from hydrogen, halogen, linear
and branched C, -C, ; alkyl, and C.-C, ¢ aryl. A representative
structure 1s shown 1n below, where m 1s an integer from O to 3.

CH3

In some embodiments 1n accordance with Structural For-
mula A, the perhalohydrocarbyl groups can mclude perhalo-
genated phenyl and alkyl groups. In other embodiments, the
perfluorinated substituents can include perfluorophenyl, per-
fluoromethyl, perfluoroethyl, pertluoropropyl, pertfluorobutyl
and perfluorohexyl. In addition to the halogen substituents,
cycloalkyl, aryl and aralkyl groups of such embodiments can
be further substituted with linear and branched C,-C. alkyl
and haloalkyl groups, aryl groups and cycloalkyl groups.
Non-limiting examples of monomers 1 accordance with
embodiments of the present mnvention include those shown

below 1n Monomer Groups AA, BB, and CC.

In some other embodiments in accordance with Structural
Formula A, the poly(cyclic)olefin monomer includes
HFANB, 5-norbornene-2-methanol hydroxylethylether,
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t-butyl ester of norbornene 5-carboxvlic acid, hydroxyethyl-
ester of 5-norbornene carboxylic acid, trimethylsilane ester
of S-norbornene carboxylic acid, 5-norbornene-2-methanol
acetate, S-norbornene-2-methanol, 5-norbornene-2-ethanol,
S-tricthoxysilylnorbormene, 1-methylcyclopentyl ester of
S-norbornene carboxylic acid, tetrahydro-2-oxo-3-furanyl
ester of 5-norbornene carboxylic acid and mixtures thereof.

In some other embodiments 1n accordance with Structural
FormulaA, at least one of R" to R* can be a QNHSO,R® group
or a Q*(COYO—(CH,) —R® group, where Q and Q% are
optional linear or branched alkyl spacer of 1 to 5 carbons, m
is either 0 or an integer from 1 to 3 inclusive and R® is a
perhalo group of 1 to about 10 carbon atoms.

In some embodiments 1n accordance Structural Formula A,
at least one of R' to R* is one of groups A, B or C:

(A)
ar

O - CHy)m _CF,,
\Qij‘ko/ \KOH

Clhy

oF (B)

/ (CHZ);W 3

OH, or

CE3

(€)
Clhs
OH

/Q\ﬂ/ ~o

where m and QI are as defined above and Q* 1s a linear or
branched alkyl spacer of 1 to 5 carbons.

In some embodiments encompassing groups A or C, Q* is
not present or 1s a linear alkyl spacer of 1 to 3 carbons and
additionally for group C, Q* 1s a linear or branched spacer of
3 or 4. In other such embodiments Q: 1s not present or 1s 1
carbon atom. In other embodiments encompassing group B,
m 1s either 1 or 2. In exemplary embodiments of the encom-

passing repeating units represented by Structural Formula A,
X is —CH,—, one of R' to R*is group B and the others are

cach hydrogen, n1s O and m 1s 1

In yet other embodiments 1n accordance with Structural
Formula A, at least one of R' to R*is one of groups D, E or F:

(D)

O
Q\ )-k /O e, ClF3 or
O C (CXZ)q (CXg)q
k> P
O
Q )J\ CF3;, or
™~ 0O Z/

((CF,CH,)O)
0~ " _CF

(Ch)g

(E)

* (F)
Q@

where each X 1s independently either F or H, each q 1s inde-
pendently an integer from 1 to 3, p 1s an integer from 1 to 5, Q*
1s as defined above, and Z 1s a linear or branched halo or
perhalo spacer of 2 to 10 carbons.
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In some embodiments encompassing group D, Q* 1s one
carbon, X 1s F, g 1s 2 or 3 and p 1s 2. In some embodiments
encompassing group E, Q* 1s one carbon and Z 1s a branched
fluorinated alkyl chain of up to 9 carbons units. In some
embodiments encompassing group F, Q* 1s one carbon and q
1s 1 or 2.

In other embodiments in accordance with Structural For-
mula A, at least one of R" to R™ is a group represented by the
formula:

/Qi\c/o

| /

O

where Q1 1s an optional linear or branched alkyl spacer where
if present1s of 1 to 5 carbons. In some other embodiments the
others of R' to R* are each hydrogen and Q: is not present or
1s a linear alkyl spacer o1 1 to 3 carbons. In still other embodi-
ments the others of R' to R* are each hydrogen and Q¥ is not
presentoris 1 carbon atom and 1n yet still other embodiments,
the others of R' to R* are each hydrogen and Q7. is not present.

In other embodiments in accordance with Structural For-

mula A, at least one of R' to R* is a group represented by one
of H, J or K shown below:

HIK (acid)

where Q* is as defined above and R* is a linear or branched
alkyl group of 1 to about 5 carbon atoms. It should be noted
that the HIK (acid) group represented above, 1s derived from
one of the H, J or K groups.

The monomer composition can include any one or multiple
variations ol the poly(cyclic)olefin monomers of Structural
Formula A. Other embodiments 1 accordance with the
present invention encompass homopolymers and polymers of
monomers in accordance with any of Structural Formula A. In
other embodiments, the poly(cyclic)olefin monomers used to
make the polymers of the present invention include one or
more of those shown 1n FIG. 2 and in Structural Groups AA,

BB and CC shown below.
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Monomer Group AA

MCPNB

U Pe

NBCH>,MCP

ALK

NBCOOBOCME

DY

C
NBHFABOCME

CF; ‘

=

\)<OH
CF;

HEFANB

CF;
\/\|<OH

CF;

HEACH,NB

CF;

7

V\XOH
CFs

HFACH,CH,NB

¢

B

N CF
\S/ 3

7\

O O
TEFSNB
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-continued

N
™ 50,CF;

TESsecPrNB

Monomer Group CC

0
OH \/\OH

O
NBXOH NBCOOCH,CH,OH

OCHj;

NBXOCH;

O\/\O/\

O
NBCOOCH,CH,OC,Hs

N NN

NBCH,CH,OC;H;

O\/\O/

NBCH,OCH,CH,OCH;

N S1(OCHs)3
SiH(OC,Hs)s

Exemplary polymers of embodiments 1n accordance with
Structural Formula A include, but are not limited to, the
structures depicted in Polymer Formulae A through G 1n
Polymer Group DD represented below:
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-continued
* * * *
‘ %é/ = H
NH O O
O\\*S/ \H
e
FBC \\ F3C
O HO CF;
C4F, H
G

Embodiments of the invention are directed to any polymers
having repeating units dertved from monomers 1n accordance
with Structural Formula A. Such repeating units are derived
through the polymerization of such monomers by 2, 3
enchainment addition. Thus any repeating unit (A*) 1is
derived from monomer (B*) as shown below:

R* R*

B* A*

For embodiments in accordance with the present invention,
a palladium catalyst complex and a CTAA are added to nor-
bornene-type monomers to cause such monomers to poly-
merize as described above. Generally, such embodiments
employ single component palladium catalyst complexes such
as are described and disclosed 1n Published U.S. Patent Appli-
cation Number 2005/0187398 Al 1n the text of paragraphs
[0011] through [0113] and 1n Examples 1 through 335, which
1s 1incorporated herein by reference. In other embodiments,
palladium catalyst complexes such as those described and
disclosed in U.S. Pat. No. 6,455,650 B1 1n the text beginning
at column 3 line 11 and continuing through column 29 line 45
and pertinent palladium containing examples, which 1s incor-
porated herein by reference, are used.

In the *6350 patent, catalyst complex 1s generally described
as:

[(R),M(L"), (L"), ], [WCA], Catalyst Formula I

where M represents a Group 10 transition metal such as
palladium; R' represents an anionic hydrocarbyl ligand; L'
represents a Group 135 neutral electron donor ligand such as a
phosphorus containing ligand; L" represents a labile neutral
clectron donor ligand; x1s 1 or2;v1s 0, 1, 2, or 3, wherein the
sum of X, y, and z 1s 4; and b and d are numbers representing,

the number of times the cation complex and weakly coordi-
nating counter-anion complex (WCA), respectively, are taken
to balance the electronic charge of the overall catalyst com-
plex.

In the 398 published application, the catalyst complexes
are described as being derrved from:

[(E(R)3),PA(Q)(LB),],[WCA], Catalyst Formula Ia

[(E(R)3)(E(R),R*)PA(LB)],[WCA], Catalyst Formula Ib
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Where 1n Catalyst Formula Ia, E(R); represents a Group 15
neutral electron donor ligand where E 1s selected from a
Group 15 element of the Periodic Table of the Elements, and
R independently represents hydrogen (or one of 1ts 1sotopes),
or an anionic hydrocarbyl containing moiety; Q 1s an anionic
ligand selected from a carboxylate, thiocarboxylate, and
dithiocarboxylate group; LB 1s a Lewis base; WCA repre-
sents a weakly coordinating anion; a represents an integer of
1,2, or, 3; b represents an integer of 0, 1, or 2, where the sum
of a+b1s 1, 2, or 3; and p and r are integers that represent the
number of times the palladium cation and the weakly coor-
dinating anion are taken to balance the electronic charge on
the structure of Catalyst Formula Ia. In an exemplary embodi-
ment, p and r are independently selected from an integer of 1
and 2. And where in Formula Ib, E, R, r, p and E(R), are as
defined for Catalyst Formula Ia, and where E(R),R* also
represents a Group 15 neutral electron donor ligand where R*
1s an anionic hydrocarbyl contaiming moiety, bonded to the Pd
and having a P hydrogen with respect to the Pd center. In an
exemplary embodiment, p and r are independently selected
from an mteger of 1 and 2.

It has also been found that 1n Catalyst Formula Ia, Q can be
selected from acetyl acetonate (“acac™) and 1ts dervatives.
Such derivatives can be thio dervatives where one or more of
the acac oxygens are replaced with a sulfur atom or alkyl
derivatives where one or more acac hydrogens are replaced
with an appropriate substituent. Where () 1s acac or a deriva-
tive thereot, a 1s an integer of 1 or 2; b 1s an integer o1 0 or 1,
and the sum of a+b 1s 1 or 2.

As stated herein, a weakly coordinating anion (WCA) 1s
defined as a generally large and bulky anion capable of delo-
calization of its negative charge, and which 1s only weakly
coordinated to a palladium cation of the present invention and
1s suiliciently labile to be displaced by solvent, monomer or
neutral Lewis base. More specifically, the WCA functions as
a stabilizing anion to the palladium cation but does not trans-
ter to the cation to form a neutral product. The WCA anion 1s
relatively inert 1n that it 1s non-oxidizing, non-reducing, and
non-nucleophilic.

The importance of WCA charge delocalization depends, to
some extent, on the nature of the transition metal comprising
the cationic active species. It 1s advantageous that the WCA
either does not coordinate to the transition metal cation, or 1s
one which 1s only weakly coordinated to such cation. Further,
it 1s advantageous that the WCA not transier an anionic sub-
stituent or fragment to the cation so as to cause it to form a
neutral metal compound and a neutral by-product from such
transfer. Theretfore, usetul WCAs 1n accordance with embodi-
ments of this invention are those which are compatible, sta-
bilize the cation 1n the sense of balancing 1ts 10nic charge, and
yet retain suificient liability to permit displacement by an
olefinically unsaturated monomer during polymerization.
Additionally, such useful WCAs are those of sulficient
molecular size to partially inhibit or help to prevent neutral-
ization of the late-transition-metal cation by Lewis bases
other than the polymerizable monomers that may be present
in the polymerization process. While not wishing to be bound
by any theory, 1t 1s believed that the WCAs 1n accordance with
embodiments of the present mvention can include anions
(listed more to less coordinating), such as trifluoromethane-
sulfonate (CF;S0,7), tris(tritfluoromethyl)methide
((CF3S0,),C), tnflimide, BF,~, BPh,~, PF.~, SbF ., tetrakis
(pentafluorophenyl)borate (herein abbreviated FABA), and
tetrakis|3,35-bis(trifluoromethyl)phenyl]borate ([BAY]).
Furthermore, it 1s believed the catalytic activity of the proini-
tiators of this invention increases with decreasing coordina-
tion of the WCA. Hence, 1t 1s believed that 1in order to obtain
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a desired catalytic activity, a WCA and ER; should be
selected 1n concert with one another.

As stated herein, a neutral electron donor 1s defined as any
ligand which when removed from the palladium metal center
in 1ts closed shell electron configuration, has a neutral charge.
Further, an amonic hydrocarbyl moiety i1s defined as any
hydrocarbyl group which when removed from ‘E’ (see For-
mulae Ia) 1n 1ts closed shell electron configuration, has a
negative charge; and a Lewis base 1s defined as *““a basic
substance furnishing a pair of electrons for a chemical bond,”
hence 1t 1s a donor of electron density.

For such catalysts useful in embodiments in accordance
with the present invention, E 1s a Group 15 element of the
Periodic Table of the Elements selected from phosphorus (P),
arsenic (As), antimony (Sb), and bismuth (B1). In Catalyst
Formula Ia, the anionic hydrocarbyl containing moiety R 1s
independently selected from, but not limited to, H, linear and
branched (C,-C,)alkyl, (C;-C,,)cycloalkyl, (C,-C,,)alk-
enyl, (C5-C,,) cycloalkenyl, (C;-C,,)polycycloalkyl, (C--
C,q)polycycloalkenyl, and (C.-C, )aryl, and two or more R
groups taken together with E can form a heterocyclic or
heteropolycyclic ring containing 5 to 24 atoms. Representa-
tive heteroatoms include, but are not limited to, oxygen and
nitrogen. An exemplary embodiment where two R groups are
taken together with E (where E 1s phosphorus) i1s eicosyl
phobane phosphine (EPN). In Formula Ib, the amionic hydro-
carbyl contaiming moiety R* 1s selected from, but not limited
to, linear and branched (C,-C,,)alkyl, (C;-C,,)cycloalkyl,
(C,-C,,)alkenyl, (C;-C,,)cycloalkenyl, (C.-C,,) polycy-
cloalkyl, (C;-C,,)polycycloalkenyl with the proviso that
such anionic hydrocarbyl containing moiety, when bonded to
the Pd, will have at least one, hydrogen with respect to the Pd
center.

Representative alkyl groups include, but are not limited to,
methyl, ethyl, propyl, 1sopropyl, n-butyl, 1sobutyl, sec-butyl,
tert-butyl, pentyl and neopentyl. Representative alkenyl
groups 1nclude, but are not limited to, vinyl, allyl, 1so-prope-
nyl and 1so-butenyl. Representative cycloalkyl groups
include, but are not limited to, cyclopropyl, cyclobutyl, cyclo-
pentyl, cyclohexyl, cycloheptyl and cyclooctyl. Representa-
tive polycycloalkyl groups include, but are not limited to,
norbornyl and adamantyl. Representative polycycloalkenyl
groups include, but are not limited to, norbornenyl and ada-
mantenyl. Representative aryl and aralkyl groups include, but
are not limited to, phenyl, naphthyl and benzyl.

Exemplary Group 15 neutral electron donor ligands are,
among others, phosphine ligands such as di-t-butylcyclo-
hexylphosphine, dicyclohexyl-t-butylphosphine, {tricyclo-
hexylphosphine, tricyclopentylphosphine, dicyclohexylada-
mantylphosphine, cyclohexyldiadamantylphosphine,
triusopropylphosphine, di-tert-butylisopropylphosphine and
duisopropyl-tert-butylphosphine. Further it 1s to be recog-
nized that two phosphine groups can be taken together to form
a diphosphine chelating ligand. Exemplary diphosphine
chelating ligands include, but are not limited to, bis(dicyclo-
hexylphosphino)methane; 1,2-bis(dicyclohexylphosphino)
cthane; 1,3-bis(dicyclohexylphosphino)propane; 1,4-bis(di-
cyclohexylphosphino )butane; and 1,5-bis
(dicyclohexylphosphino )pentane. Other suitable
diphosphine ligands are exemplified in the *6350 patent previ-
ously incorporated herein.

Lewis bases in accordance with the present invention can
be any compound that donates an electron pair. The Lewis
base can be water or selected from the following type of
compounds: alkyl ethers, cyclic ethers, aliphatic or aromatic
ketones, primary alcohols, nitriles, cyclic amines especially
pyridines and pyrazines, and trialkyl or triaryl phosphites.
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Exemplary Lewis base ligands include, but are not limited
to, water, dimethyl ether, diethyl ether, tetrahydrofuran, diox-
ane, acetone, benzophenone, acetophenone, methanol, 1so-
propanol, acetonitrile, benzonitrile, tert-butylnitrile, tert-bu-

tylisocyanide, xylylisocyamde, pyridine,
dimethylaminopyridine, 2,6-dimethylpyridine, 4-dimethy-
laminopyridine, tetramethylpyridine, 4-methylpynidine,

pyrazine, tetramethylpyrazine, triisopropylphosphite, triph-
enylphosphite and triphenylphosphine oxide. Phosphines can
also be included as exemplary Lewis bases so long as they are
added to the reaction medium during the formation of the
single component catalyst of the invention. Examples of
Lewis base phosphines include, but are not limited to, triiso-
propylphosphine, tricyclohexylphosphine, tricyclopen-
tylphosphine and triphenylphosphine.

WCAs 1 accordance with the present invention are
selected from borates and aluminates, boratobenzene anions,
carborane, halocarborane and phosphaborane anions. Repre-
sentative borate anions include, but are not limited to, tetrakis
(pentatluorophenyl)borate (FABA), tetrakis(3,5-bis(trifluo-
romethyl)phenyl)borate and tetrakis(2-fluorophenyl)borate.
Other useful weakly coordinating anions, for example other
borates and aluminates, boratobenzene anions, carborane,

halocarborane and phosphaborane anions, can be found 1n the
"398 published application, previously incorporated herein.

Exemplary salts of weakly coordinating anions are N,N-
dimethylanilimum tetrakis(pentatluorophenyl)borate (DAN-
FABA) and lithrum tetrakis(pentatluorophenyl)borate 2.5
diethyletherate (L1IFABA), among others.

Exemplary embodiments in accordance with the present
invention utilize one or more catalysts selected from trans-
|PA((OAc)(MeCN)(P(1-propyl),),|]FABA, trans-[Pd(OAc)
(NCC(CH,),)(P(1-propyl); ), |JFABA,  trans-[Pd(OAc)(OC

(CH: ), )(P(1-propyl); ), |JFABA, trans-[Pd(OAc)(HOCH
(CH,),)(P(a-propyl),),|[FABA, trans-[Pd(OAc)(MeCN)(P
(cyclohexyl), ), |JFABA, trans-| PA(OAc)(MeCN (P
(cyclohexyl),(t-butyl)), |FABA, Pd(OACc)(MeCN)(P
(octyl),)] FABA, [Pd(OAc)(MeCN)(EPN),]JFABA, [Pd

(OAC)(MeCN)YEPN)JFABA, Pd(OAc),(P(cyclohexyl);),
FABA, Pd(OAc),(P(1-propyl); ), FABA, Pd(OAc),(P(i-pro-
pyl),(phenyl)), FABA, [Pd(acac)(MeCN)(P(octyl);)JFABA,
|Pd(acac)(MeCN)(P(1-propyl),)]JFABA, [Pd{acac)(MeCN)
(EPN)]FABA, [Pd(acac)(NCC(CH,),)(P(1-propyl),) |JFABA,
trans-| Pd(acac)(OC(CH.),)(P(1-propyl);)]JFABA, trans-[Pd
(acac)(HOCH(CH,), }(P(-propyl);)]JFABA, and trans-[Pd
(acac)(MeCN)(P(cyclohexyl), ) JFABA.

For embodiments in accordance with the present invention,

a non-phosphorus containing, or phosphorous-iree, palla-
dium catalyst complex and a CTAA are added to norbornene-
type monomers to cause such monomers to polymerize by
2.3-enchainment addition. In some such embodiments, the
non-phosphorus containing palladium catalyst employed 1s

depicted by Formula II:

Catalyst Formula II
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where A 1s a bidentate monoanionic ligand represented by
Catalyst Formula III, below:

Catalyst Formula 111

R13
R]ﬁ R 14
. /
R1> R
R 12 \ Y-
\ 10
R
Rll

and where each of X andY are independently selected from
O, N, or S and where R'°, R**, R**, R*°, R**, R*” and R*°
independently represent hydrogen, methyl, linear or
branched C,-C, , alkyl, C,-C,, cycloalkyl, C,-C,, aralkyl, or
C-C,, aryl or substituted aryl, n represents an integer o1 0, 1,

or 2;: and when either X or Y are O or S, R'® and R",
respectively, do not exist.

Further, R'! and R'* and the carbons to which they are
attached, or R'> and the carbon to which it is attached and R**

and X can form a substituted or unsubstituted aromatic ring.

In some representations of Catalyst Formula III the biden-

tate monoanionic ligand (X—Y) 1s a chelate characterized by
the presence of bonds from two bonding sites within the same

ligand to a central metal atom. In other representations the
bidentate monoanionic ligand 1s a hemilabile group or ligand,
that 1s to say a chelate characterized by the presence of bonds
from two bonding sites within the same ligand to a central
metal atom, where one of the bonds 1s readily broken by a
solvent to render a metal center bound to one terminus of the
anmonic group and thereby generating a vacant coordination

site at the metal center.

In Catalyst Formula III, the bidentate amionic species 1s

believed to be generated from the neutral species HX—Y. The
groups X andY are selected from O, N, or S, where R'°, R*',
R™, R" and R"*, as shown in X—Y(a) and X—Y(b), are as

defined above.

Exemplary X—Y ligands are [3-diketonato
(0—0), p-diketiminato (N—N), p-ketiminato (N—O) and
Schiff base (N—O) ligands. Thus such bidentate anionic

species are believed to exist in tautomeric forms as shown

below:
Rl3 Rl4 Rl3 Rl4
_ /
X X
R 12 \ ~— pl2 /

Y — Y

Rll \Rlﬂ Rll \RIU

X---Y(a) X---Y(b)
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In other embodiments of the present invention, the biden-
tate anion X—Y 1s selected from:

o e ate
o
O O

H3C H H3C CH3 ch CMEﬁ3
/ / /
—N —N —N
\ 0 \ 0 \ 0
H,C H,C H,C
ch Ph ch CH3 ch CMﬁg
/ / /
— N — N — N
\ 0 \ N \ N
\ \
H,C H,C CH; H;C CH,
1-Pr / \
H;C Ph H;C —
/
—N —N 1-Pr
\ N \ N i-Pr
\
H;C Ph Hj3C / \
1-Pr

In still other embodiments the bidentate anion X—Y 1s one
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of the tropolone derivatives shown below or a derivative of (5

any other appropriate substituted or unsubstituted hydrocar-
byl.

O O
N /CH3
CH
\
o 0 CH;
tropolone 1on isopropyltropolone 1on
O CH3N
) @
s CH;N
thiotropone ion N,N'-Dimethylaminotroponimine ion
S
CHsN

N-Methylaminothiotropone 1on

In some embodiments of the present invention, the palla-
dium source and X—Y sources are selected from Pd(acac),,
bis(trifluoroacetylacetonate)Pd, bis(hexatluoroacetylaceto-
nate)Pd; bis(dibenzoylmethanate)Pd, bis(benzoylacetonate)
Pd, bis(tetramethylheptanedionate)Pd, or bis(tropolonato)
palladium (II).

Some other embodiments 1n accordance with the present
invention encompass non-phosphorus containing palladium
catalysts represented by Catalyst Formula IV, shown below:

IV
RZU
n_ [t 8 ©
R / Pd(L), WCA
RZZ

where L 1s nitrogen, oxygen, sulfur, an alkene, or chlormated
alkane containing neutral labile donor ligands and WCA 1s a
weakly coordinating anion; and where R*°, R** and R** each
independently represent a hydrogen, a halogen, a linear or
branched C, to C. alkyl, a C; to C,, cycloalkyl, a linear or
branched C, to C; alkenyl, C, to C,, aryl, C, to C,, aralkyl,
where each of the above can be optionally substituted with a
substituent selected from a linear or branched C, to C; alkyl,
a linear or branched C, to C; haloalkyl, one or more halogens
and a phenyl which can be optionally substituted with a linear
or branched C, to C; alkyl, a linear or branched C, to C;
haloalkyl, and one or more halogens. Further any two of R,
R*! and R** can be linked together with the carbon atoms to
which they are attached to form a cyclic or multicyclic ring
which can be optionally substituted with a linear or branched
C, to C; alkyl, alinear or branched C, to C; haloalkyl, and one
or more halogens. Exemplary allyhc hgands that are encom-
passed by the cationic complexes of the present mnvention
include, but are not limited to, allyl, 2-chloroallyl, crotyl,
1,1-dimethyl allyl, 2-methylallyl, 1-phenylallyl, 2-phenylal-
lyl and 3-pinenyl.

Additional examples of allyl ligands are found in R. G. Guy
and B. L. Shaw, Advances 1n Inorganic Chemistry and Radio-
chemistry, Vol. 4, Academic Press Inc., New York, 1962; I.
Birmingham, E. de Boer, M. L. H. Green, R. B. King, R.
Koster, P. L. I. Nagy, G. N. Schrauzer, Advances 1n Organo-
metallic Chemistry, Vol. 2, Academic Press Inc., New York,
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1964; W. T. Dent, R. Long and A. J. Wilkinson, J. Chem. Soc.,
(1964) 1585; and H. C. Volger, Rec. Trav. Chim. Pay Bas, 88
(1969) 225.

Representative labile neutral electron donor ligands (L)
include, but are not limited to, reaction diluents, reaction
monomers, DMF, DMSQO, dienes including C, to C,, ali-
phatic and C, to C,, cycloaliphatic dienes representative
dienes 1include butadiene, 1,6-hexadiene, and cyclooctadiene
(COD), water, chlorinated alkanes, alcohols, ethers, ketones,
nitriles, arenes, organic carbonates and esters. Representative
chlorinated alkanes include but are not limited to dichlo-
romethane, 1,2-dichloroethane, and carbon tetrachloride.

Suitable alcohol ligands can be selected from alcohols of
the formula R'’OH, where R'’ represents a linear and
branched C, to C,, alkyl, a linear and branched C, to C,,
haloalkyl, a substituted and unsubstituted C, to C,,
cycloalkyl, a substituted and unsubstituted C, to C,  aryl, and
a substituted and unsubstituted C, to C, ; aralkyl. When sub-
stituted, the cycloalkyl, aryl and aralkyl groups can be mono-
substituted or multisubstituted, where the substituents are
independently selected from hydrogen, linear and branched
C, to C,, alkyl, linear and branched C, to C; haloalkyl, linear
and branched C, to C; alkoxy, C, to C,, aryl, and halogen
selected from chlorine, bromine, and fluorine. Representative
alcohols 1nclude, but are not limited to, methanol, ethanol,
n-propanol, isopropanol, butanol, hexanol, t-butanol, neo-
pentanol, phenol, 2,6-di-1-propylphenol, 4-t-octylphenol,
S-norbornene-2-methanol, and dodecanol.

Suitable ether ligands and thioether ligands can be selected
from ethers and thioethers of the formulae (R'*—O—R'?)
and (R'*—S—R"®), respectively, where R'® independently
represents linear and branched C, to C, ; alkyl radicals, linear
and branched C, to C,, haloalkyl radicals, substituted and
unsubstituted C; to C,, cycloalkyl radicals, linear and
branched C, to C,, alkoxy radicals, substituted and unsubsti-
tuted C, to C, 4 aryl radicals, and substituted and unsubsti-
tuted C, to C,, aralkyl radicals. When substituted, the
cycloalkyl, aryl and aralkyl groups can be monosubstituted or
multisubstituted, where such substituents are independently
selected from hydrogen, and radicals such as linear and
branched C,; to C,, alkyl, linear and branched C,; to C;
haloalkyl, linear and branched C, to C; alkoxy, and C, to C,,
aryl. Further, such substituents can be a halogen selected from
chlorine, bromine, and fluorine. Still further, each R*® can be
taken together with the oxygen or sulfur atom to which they
are attached to form a cyclic ether or cyclic thioether, respec-
tively. Representative ethers and thioethers include, but are
not limited to, dimethyl ether, dibutyl ether, methyl-t-butyl
cther, di-1-propyl ether, diethyl ether, dioctyl ether, 1,4-
dimethoxyethane, THF, 1.,4-dioxane and tetrahy-
drothiophene.

The nitrile ligands can be represented by the formula
R"*CN, where R"* represents hydrogen, linear and branched
C, to C,, alkyl, linear and branched C, to C,, haloalkyl,
substituted and unsubstituted C; to C,, cycloalkyl, substi-
tuted and unsubstituted C, to C,, aryl, and substituted and
unsubstituted C, to C,4 aralkyl. When substituted, the
cycloalkyl, aryl and aralkyl groups can be monosubstituted or
multisubstituted, where the substituents are independently
selected from hydrogen, linear and branched C, to C, , alkyl,
linear and branched C, to C; haloalkyl, linear and branched
C, to C; alkoxy, C, to C,, aryl, and halogen selected from
chlorine, bromine, and fluorine. Representative nitriles
include but are not limited to acetonitrile, propionitrile, ben-
zonitrile, benzyl cyanide, and 5-norbornene-2-carbonitrile.

The arene ligands can be selected from substituted and
unsubstituted C, to C,, arenes containing monosubstitution
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or multisubstitution, where the substituents are indepen-
dently selected from hydrogen, linear and branched C, to C,,
alkyl, linear and branched C, to C. haloalkyl, linear and
branched C, to C alkoxy, C, to C, , aryl, and halogen selected
from chlorine, bromine, and fluorine. Representative arenes
include but are not limited to toluene, benzene, o-, m-, and
p-xylenes, mesitylene, fluorobenzene, o-difluorobenzene,
p-difluorobenzene, chlorobenzene, pentafluorobenzene,
o-dichlorobenzene, and hexafluorobenzene.

Representative carbonates include but are not limited to
cthylene carbonate and propylene carbonate.

Representative esters include but are not limited to ethyl
acetate and 1-amyl acetate.

The weakly coordinating counteranion complex, [WCA],
of Formula IV can be selected from borates and aluminates,
boratobenzene anions, carborane and halocarborane anions.

The borate and aluminate weakly coordinating counteran-
ions are represented by WCA Formulae V and VI below:

[M'(R*)(RZ)R*)HR)] \

[M'(OR”®)(OR™)(OR)(OR*") ] VI
where in WCA FormulaV M' is boron or aluminum and R**,
R*", R*°, and R*’ independently represent fluorine, linear
and branched C, to C,, alkyl, linear and branched C, to C,,
alkoxy, linear and branched C, to C; haloalkenyl, linear and
branched C, to C,, tnalkylsiloxy, C,, to C;, triarylsiloxy,
substituted and unsubstituted C to C,, aryl, and substituted
and unsubstituted C, to C,, aryloxy groups where R** to R*”
can not all simultancously represent alkoxy or aryloxy
groups. When substituted the aryl groups can be monosubsti-
tuted or multisubstituted, where the substituents are indepen-
dently selected from linear and branched C, to C; alkyl, linear
and branched C, to C; haloalkyl, linear and branched C, to C.
alkoxy, linear and branched C, to C; haloalkoxy, linear and
branched C, to C,, trialkylsilyl, C, to C,; triarylsilyl, and
halogen selected from chlorine, bromine, and fluorine. Rep-
resentative borate anions under WCA Formula V include but
are not limited to tetrakis(pentatluorophenyl)borate, tetrakis
(3,5-bis(trifluoromethyl)phenyl)borate, tetrakis(2-tluo-
rophenyl)borate, tetrakis(3-tluorophenyl)borate, tetrakis(4-
fluorophenyl)borate, tetrakis(3,3-difluorophenyl )borate,
tetrakis(2,3,4,5-tetrafluorophenyl)borate,  tetrakis(3,4,5,6-
tetratluorophenyl)borate, tetrakis(3,4,5-trifluorophenyl)bo-
rate, methyltris(perfluorophenyl)borate, ethyltris(pertluo-
rophenyl)borate, phenyltris(pertfluorophenyl)borate, tetrakis
(1,2,2-trifluoroethylenyl )borate, tetrakis(4-tri-1-
propylsilyltetratluorophenyl)borate,  tetrakis(4-dimethyl-
tert-butylsilyltetratfluorophenyl)borate, (triphenylsiloxy )tris
(pentafluorophenyl)borate, (octyloxy)tris
(pentafluorophenyl)borate, tetrakis[3,5-bis[1-methoxy-2,2,
2-trifluoro-1-(trifluoromethyl)ethyl|phenyl]borate, tetrakis
[3-[1-methoxy-2,2,2-trifluoro-1-(tritfluoromethyl)ethyl]-3-
(trifluvoromethyl)phenyl]borate, and  tetrakis[3-[2,2,2-
tritfluoro-1-(2,2,2-trifluoroethoxy)-1-(trifluoromethyl)
cthyl]-3S-(tnfluoromethyl))phenyl]borate.

Representative aluminate anions under Formula WCA V
include but are not limited to tetrakis(pentatluorophenyl)alu-
minate, tris(perfluorobiphenyl)fluoroaluminate, (octyloxy)
tris(pentatluorophenyl)aluminate,  tetrakis(3,5-bis(trifluo-
romethyl)phenyl)aluminate, and methyltris
(pentafluorophenyl)aluminate.

In WCA Formula VI, above, M is boron or aluminum, R*®,

R*, R°”, and R°" independently represent linear and
branched C, to C,, alkyl, linear and branched C, to C,,

haloalkyl, C, to C,, haloalkenyl, substituted and unsubsti-
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tuted C, to C;, aryl, and substituted and unsubstituted C, to
C,q aralkyl groups, subject to the proviso that at least three of
R** to R’! must contain a halogen containing substituent.
When substituted the aryl and aralkyl groups can be mono-
substituted or multisubstituted, where the substituents are

independently selected from linear and branched C, to C.
alkyl, linear and branched C, to C. haloalkyl, linear and
branched C, to C. alkoxy, linear and branched C, to C,,
haloalkoxy, and halogen selected from chlorine, bromine, and
fluorine. The groups OR*® and OR*” can be taken together to
form a chelating substituent represented by —O—R>*—
O—, where the oxygen atoms are bonded to M' and R”~ is a
divalent radical selected from substituted and unsubstituted
C, to C,, aryl and substituted and unsubstituted C, to C;j,
aralkyl. Generally, the oxygen atoms are bonded, either
directly or through an alkyl group, to the aromatic ring in the
ortho or meta position. When substituted the aryl and aralkyl
groups can be monosubstituted or multisubstituted, where the
substituents are independently selected from linear and
branched C, to C. alkyl, linear and branched C, to C.
haloalkyl, linear and branched C, to C. alkoxy, linear and
branched C, to C,, haloalkoxy, and halogen selected from
chlorine, bromine, and fluorine. Representative structures of
divalent R>* radicals are illustrated below:

X
‘ \:’7 (C(RBBE)E)H”_:
\../ /

—((R3%),C),
—(R3¥),0),» R

X a \/ R
(\/\ ‘
R34’vx /\#J

NP
R3  (CRI),),n—

R A ANNTA
LTS
3 Z R

R3

34

where R independently represents hydrogen, linear and
branched C, to C; alkyl, linear and branched C, to C.
haloalkyl, and halogen selected from chlorine, bromine, and
fluorine; R>* can be a monosubstituent or taken up to four
times about each aromatic ring depending on the available
valence on each ring carbon atom and independently repre-
sents hydrogen, linear and branched C, to C. alkyl, linear and
branched C, to C. haloalkyl, linear and branched C, to C;
alkoxy, linear and branched C, to C, , haloalkoxy, and halo-
gen selected from chlorine, bromine, and fluorine; and n"
independently represents an integer from 0 to 6. It should be
recognized that when n" 1s 0 the oxygen atom 1n the formula

O—R>*>—O— is bonded directly to a carbon atom in the
aromatic ring represented by R** . In the above divalent struc-
tural formulae the oxygen atom(s), 1.e., when n" 1s 0, and the
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methylene  or  substituted  methylene  group(s),
—(C(R*?),), .—, are generally located on the aromatic ring
in the ortho or meta positions. Representative chelating
groups of the formula —O—R>*—O— include but are not

limited to are 2.3.4,5-tetratluorobenzenediolate
(—OCF,0—), 2.,3.4,5-tetrachlorobenzenediolate
(—OC(Cl,0—), 2.3.4.5-tetrabromobenzenediolate

(—OCBr,0—), and bis(1,1'-bitetratluorophenyl-2,2'-d1-
olate).

Representative borate and aluminate anions represented by
WCA Formula VI include but are not limited to [B(OC
(CF,),)s]— [B(OC(CF,),CH,)),}—, [B(OC(CF,),H),}—,
[B(OC(CF;3)(CH3)H) 4| — [AI(OC(CE5),Ph), |—, [B(OCH,

(CF,),)s—  [AI(OC(CF,),C.H,CH,),l—  [AlOC
(CF;)1)4l—  [AIOC(CF)(CH,)H),1—,  [AI(OC(CF,),
H),}—  [AOC(CE3),CoH, -4-i-Pr),]— [AI(OC(CF;),

C.H,-4-t-butyl),]-, [AI(OC(CF,),CH,-4-S1iMe,).|—, [Al
(OC(CF;),CcH,-4-51-1-Pry),]—, [AI(OC(CF;),CH,-2,6-
(CF3)2-4-Si-i-Pr3)4]—,, [AI(OC(CF3)2C6H3'3:5'(CF3)2)4]—:
[AI(OC(CF;),CsH5-2,4,6-(CF3)5),]—, and  [AI(OC(CE5),
Cel's)al—

Boratobenzene amions useful as the weakly coordinating
counteranion are represented by WCA Formula VII below:

VII
R35’
RSS’ RSS’
N )\ e
R35FJ\B/\R35’
|
R34’

where R** is selected from fluorine, fluorinated hydrocarbyl,
pertluorocarbyl, and fluorinated and pertluorinated ethers. As
used here and throughout the specification, the term halohy-
drocarbyl means that at least one hydrogen atom on the
hydrocarbyl radical, e.g., alkyl, alkenyl, alkynyl, cycloalkyl,
aryl, and aralkyl groups, 1s replaced with a halogen atom
selected from chlorine, bromine, 10dine, and tluorine (e.g.,
haloalkyl, haloalkenyl, haloalkynyl, halocycloalkyl,
haloaryl, and haloaralkyl). The term fluorohydrocarbyl
means that at least one hydrogen atom on the hydrocarbyl
radical 1s replaced by fluorine. The degree of halogenation
can range from at least one hydrogen atom being replaced by
a halogen atom (e.g., a monotluoromethyl group) to full halo-
genation (perhalogenation) where all hydrogen atoms on the
hydrocarbyl group have been replaced by a halogen atom
(e.g., perhalocarbyl such as trifluoromethyl(pertluorom-
cthyl)). Some of the fluorinated hydrocarbyl and pertluoro-
carbyl radicals employed in embodiments 1n accordance with
the present invention contain 1 to 24 carbon atoms, others 1 to
12 carbon atoms and still others 6 carbon atoms and can be
linear or branched, cyclic, or aromatic. The fluorinated hydro-
carbyl and perfluorocarbyl radicals include but are not limited
to fluorinated and pertluorinated linear and branched C, to
C,, alkyl, fluorinated and perfluorinated C, to C,, cycloalkyl,
fluorinated and pertluorninated C, to C,, alkenyl, fluorinated
and perfluorinated C; to C,, cycloalkenyl, fluorinated and
perfluorinated C, to C,, aryl, and fluorinated and perfluori-
nated C to C,, aralkyl. The fluorinated and perfluorocarbyl
cther substituents are represented by the formulae —(CH,),,.
OR*°, or —(CF,) OR~° respectively, where R*° is a fluori-

nated or perfluorocarbyl group as defined above, m 1s and




US 7,759,439 B2

27

integer o1 O to 3. It 1s to be noted that when m 1s 0 the oxygen
atom 1n the ether moiety 1s directly bonded attached to the
boron atom 1n the boratobenzene ring.

Advantageous R** radicals include those that are electron
withdrawing 1n nature such as, for example, fluorinated and
pertluorinated hydrocarbyl radicals selected from trifluorom-
cthyl, perfluoroethyl, pertluoropropyl, pertluoroisopropyl,
pentafluorophenyl and bis(3,5-trifluoromethyl)phenyl.

R independently represents hydrogen, halogen, perfluo-
rocarbyl, and silylperfluorocarbyl radicals, where the per-
fluorocarbyl and silylperfluorocarbyl are as defined previ-
ously. While the halogen groups can be any appropriate
halogen, generally chlorine or fluorine are selected. When
R>> is halogen, perfluorocarbyl, and/or silylperfluorocarbyl,
the radical(s) are generally ortho or para to the boron atom in
the boratobenzene ring.

Additional representative boratobenzene anions include
but are not limited to [1,4-dihydro-4-methyl-1-(pentatiuo-
rophenyl)]-2-borate, 4-(1,1-dimethyl)-1,2-dihydro-1-(pen-
tatluorophenyl)-2-borate, 1 -fluoro-1,2-dihydro-4-(pen-
tatluorophenyl)-2-borate, and 1-[3,5-bis(trifluoromethyl)
phenyl]-1,2-dihydro-4-(pentatluorophenyl)-2-borate.

Carborane and halocarborane anions useful as the weakly
coordinating counteranion include but are not limited to CB,
(CH3)12_: Cb 11 le—: 1 'C2H5C3 1 1::{1 I
1-Ph;S1CB, H,,—, 1-CF;CB,,H,,—, 12-BrCB,H,,—,
12-BrCB,,H,,—, 7,12-Br,CB, H,,—, 12-CICB,H,,—,

7,12-CLLCB,, H,,—, I-HCB,,F,,—, 1-CH,
CB,,F,—, 1-CF,—CB,F,,—, 12-CB,,H, F—, 7,12-
CB, H, F,,. 7912-CB, H, F,—, CB, H. Br, .

6-CBoH F—, 6,8-CB HiF,—, 6,7.8-CB;H-F;—, 6,7,8,9-
CB,HF ,—, 2,6,7,8,9-CB,H.F.—, CB,H.Br.—,
CB,,HsClg—, CB, Hglg—, CB, Hsls— CB, Hgle—,
CB,,;H, Bro—, 6,7,9,10,11,12-CB, , H,F.—, 2,6,7.8,9,10-
CB,H.F.—, 1-H—CBJF,—, 12-CB, H, ,(C,H;)—,
1-CeFs—CB,HiBrg—,  CB;;Me,-, CB,,(CF;),,—.
Co(B,C,H, ),—, CB,,(CHy) p—, CB(CHg) ,—, CByy
(CeHi3)12— Co(CBgH,y;)— Co(BryC,BgHg),— and
dodecahydro-1-carbadodecaborate.

Still other useful anions can also be selected from highly
fluorinated and pertluorinated alkylsulfonyl and arylsulionyl
containing anions represented by the formulae (R*’SO.),
CH—, (R*S0,).C— and (R*’SO,),N—, where R* inde-
pendently represents a linear and branched C, to C,, highly
fluorinated or perfluorinated alkyl, a C; to C, < highly fluori-
nated or perfluorinated cycloalkyl and a C, to C,, highly
fluorinated or pertluorinated aryl. Optionally, the above alkyl
and cycloalkyl groups can contain one or more heteroatoms
such as divalent oxygen, trivalent nitrogen and hexavalent
sulfur. Further, any two of R*" can be taken together within a
cyclic structure. Still further, generally, the aforementioned
highly fluorinated groups have at least half of the hydrogens
replaced with fluorines and typically at least 2 of every 3, and
in some embodiments, 3 of every 4 hydrogens are replaced
with fluorines. In some highly fluorinated embodiments,
some or all of the remaiming hydrogens are replaced with
either bromines or chlorines.

Some representative highly fluorinated and pertluorinated
alkylsulfonyl and arylsulfonyl containing groups are dis-
closed mn U.S. Pat. No. 6,455,650, entitled “Catalyst and
Methods for Polymerizing Cyclicolefins™, to Lipian et al., at
column 23, lines 17 to 49, inclusive, which 1s incorporated
herein by reference.

Advantageous exemplary salts of weakly coordinating
anions are N,N-dimethylanilimium tetrakis(pentatluorophe-

nyl)borate (DANFABA) and lithium tetrakis(pentatluo-
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rophenyl)borate 2.5 diethyletherate (LiFABA), and N,N-
dimethylanilintum tris((trifluoro methyl)sulfonyl)methide
among others.

Exemplary embodiments 1n accordance with the present
invention utilize one or more non-phosphorus containing
catalysts selected from palladium(Il) acetate—[Pd(OAc),].
palladium(Il) acetylacetonate—[Pd(acac),], palladium(II)
hexafluoroacetylacetonate—| Pd(CF ,COCHCOCF,),], pal-
ladium(II) bis(tetramethylheptanedionato), palladium(II) bis
(benzoylacetonato), (allyl)palladium(Il) bis(acetonitrile)tris
((trifluoro methyl)sultonyl )methide, (allyl)palladium(II) bis
(acetonitrile)tetrakis(pentatluorophenyl)borate, (acac)
palladium(II)  bis(acetonitrile)tetrakis(pentafluorophenyl)
borate and (t-buacac)palladium(Il) di(t-butylamine)tetrakis
(pentafluorophenyl)borate.

In some embodiments 1in accordance with the present
invention, the CTAA 1s an acid such as formic acid, thio-
formic acid or another such compound. An exemplary
embodiment of the CTAA 1s formic acid. In an embodiment,
a reaction mixture according to the present mnvention coms-
prises an amount of CTAA that 1s from 1 to 25% by moles of
the total monomer loading to the reaction mixture.

In some embodiments of the present invention, a mixture
including a monomer composition, the CTAA and a palla-
dium catalyst 1s exposed to a temperature at which the above-
described catalysts can elffect polymerization of the mono-
mers. In some embodiments the temperature 1s from an
ambient temperature to 250° C. For some exemplary embodi-
ments, the atlorementioned mixture 1s heated to a temperature
of atleast 30° C., in some cases of at least 70° C. and, 1n other
cases, at least 150° C.

The following examples are provided for illustrative pur-
poses only and are not intended to limit the invention in any
way. The ratios of monomers recited in the title of such
experiments represent the molar feed ratio of such monomers
in the reaction mixture and 1s generally found to be represen-
tative of the final composition of repeating units 1n the poly-
mer. Further, for each experiment a general procedure for
forming the specific polymer 1s provided followed by a table
representing the results of two or more repetitions of such
procedure where the mole percent of the CTAA was varied to
demonstrate the effect of such a change on the molecular
weight and/or conversion rate of the resultant polymer. In all
cases this mole percent 1s based on the amount of monomer
present 1n the particular experimental description and 1s pre-
sented 1n the accompanying tables as “% Formic Acid”. In
some experiments more than one table 1s shown to 1llustrate
the effect of the varying amounts CTAA for the polymeriza-
tion of specific monomers with alternate catalysts. However,
to facilitate the comparison of the various results presented
hereinbelow, formic acid was employed as the CTAA for each
of the experiments presented.

In the presentation of such experimental data, abbrevia-
tions are used to simplily the naming of monomers and cata-
lysts. The following listing of those abbreviations provides an
appropriate name for each of such abbreviations:

MONOMERS

HEFANB 5-(2-hydroxy-2,2-bistrifluoromethylethyl )-2-norbornene
TESNB N-(bicyclo [2.2.1]hept-5-en-2-yImethyl)-1,1,1-

trifluoromethanesulfonamide
FPCNB pentafluoroester of 5-norbornene-2-carboxylic acid
MeOAcCNB 2-hydroxymethyl-5-norbornene acetate
PhOAcNB 2-(4-acetoxyphenyl)-5-norbomene
t-BuEsNB t-butylester of 5-norbormene-2-caboxylic acid
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-continued
MONOMERS
MCPNB 1-methylcyclopentyl-5-norbornene
NB norbormene;
TFENB bicyclo[2.2.1]hept-5-ene-2-carboxylic acid tetrahydro-
2-o0x0-3-Turanyl ester;
TESNB 2-triethoxylsilyl-5-norbornene;
AGENB 2-methyl glycidyl ther-5-norbornene;

DANFABA
LIFABA
Pd-641

Pa-910
Pa-304
Pa-444
Pa-916
Pa-917
Pa-967
Pa-1115

Pa-1206
Pad-1394
Pad-1627
Pa-1731
Pd-1296
Pa-1348

EXAMPLES

Examples 1-12 are illustrative of polymerizations that
employ a phosphorus contaiming catalyst 1n accordance with
Formulae Ia or Ib. In examples 1 and 2 the activation effect of
a CTAA such as formic acid 1s demonstrated. That is to say
that such examples show that by increasing the amount of
such a CTAA, the percent conversion of the monomers,
charged to the reaction vessel, into a polymer increases.
Examples 10-12 are illustrative of the effect thata CTAA such
as formic acid has on both the molecular weight Mw of the
resultant polymer and the percent conversion. Examples 3-8
are 1illustrative of the effect that formic acid has on the
molecular weight (Mw) of polymers that are obtained from
the polymernization of various norbornene-type polymers
using phosphorus containing catalyst when conversions are at
or near 100 percent.

Catalyst Examples 1-7 are illustrative of methods of form-
ing non-phosphorus containing catalysts that are in accor-
dance with Catalyst Formulae II or III; and Examples 13-42
are 1llustrative of polymernzations that employ such non-
phosphorus containing catalysts. Comparative Examples 1
and 2 demonstrate that a CTAA such as formic acid has
essentially no effect in controlling the molecular weight of
polymers made using the non-phosphorous containing cata-
lyst tetra(acetonitrile)palladium(Il)tetratluoroborate, (Pd-
444).

Common to all examples 1s that the reagents used are
essentially oxygen free. That 1s to say that, either the reagents
and solvents mentioned are charged into a reaction vessel and
then sparged with nitrogen for a period of time believed
suificient to remove essentially all dissolved oxygen, or such
reagents and solvents are individually sparged prior to their
use and stored under a nitrogen blanket until they are charged
to the reaction vessel. Therefore 1t will be understood that
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-continued
MONOMERS
Acid NB bicyclo[2.2.1]hept-5-ene-2-carboxylic acid;
DecNB 5-decyl-2-norbornene;
PENB 5-Phenylethyl-2-norbornene;
BuNB 5-butyl-2-norbornene;

NBC,H,CO,Et ethyl-5-norbormenepropionate;

CO-CATALYSTS AND CATALYSTS

dimethylanilinium tetrakis (pentatfluorophenyl) borate

L1 tetrakis(pentafluorophenyl )borate etherate

(allyl)palladium(II) bis{acetonitrile)tris({trifluoro
methyl)sulfonyl)methide;

(ally])palladium(II) bis(acetonitrile)tetrakis(pentafluorophenyl)borate;
palladium(II) acetylacetonate;
tetra(acetonitrile)palladium(IDtetrafluoroborate-;

Pd,(dba),

[(1.,4-benzoquinone)(norbornene)palladium(0)] dimer
(acac)palladium(II)bis{acetonitrile)tetrakis(pentatfluorophenyl)borate]
(t-buacac)palladium(II) di(t-butylamine )tetrakis
(pentafluorophenyl)borate].
(acetonitrile)bis(triisopropylphosphine)palladium(acetate) FABA
(acetonitrile)bis(t-butyldicyclohexylphosphine)palladium(acetate) FABA
(acetonitrile)bis(tri-octylphosphine)palladium(acetate) FABA
(acetonitrile)bis(eicosyl phobane phosphine)palladium(acetate) FABA
(acetonitrile)(tri-octylphosphine)palladium(acetylacetonate) FABA
(acetonitrile)(eicosyl phobane phosphine)palladium(acetylacetonate) FABA
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while a specific experimental description will not refer to
either ol the above methods ol providing oxygen free reagents
and solvents, one or the other was employed. Further, while
not specifically mentioned 1n any specific example, an appro-
priate method of stirring or otherwise agitating the contents of
a reaction vessel was provided.

In addition, molecular weight (Mw) was determined by gel
permeation chromatography (GPC) using poly(styrene) stan-
dards. The percent (%) conversion of the monomers to poly-
mer was determined gravimetrically using a total solids ana-
lyzer (Mettler Toledo HR 73 halogen moisture analyzer) or by
using well known GPC methods.

The optical density (OD) of the polymers, where provided,
was determined by the following method: (1) a 20 weight
percent solution of the desired polymer was formed using
propylene glycol methyl ether acetate (PGMEA); (2) the
solution was dispensed onto a 1-inch quartz water and spun at
500 rpm for 15 sec and then 2000 rpm for 60 sec; (3) after the
walers were baked for 120 sec at 130° C., the optical absor-
bance was measured at 193 nm using a Cary 400 Scan UV-Vis
spectrophotometer; (4) the thickness of the films was mea-
sured using a TENCOR Profilometer after the films were
scored and the optical density (OD) of the film calculated by
dividing the absorbance by the thickness (1n microns).

Samples for MALDI-TOF MS were prepared 1n the fol-
lowing manner: (1) THF solutions of a polymer sample (0.1
mg/ml.) and dithranol (1,8,9-anthracenetriol, 0.2 mg/mlL)
were prepared; (2) sodium trifluoroacetate was dissolved in
methanol (0.3 mg/mlL), and 30 uL of such solution was added
to 1 mL of the polymer sample solution; (3) equal volumes
(30 uLL each) of the sample/sodium trifluoroacetate and
dithranol solutions were mixed together; and (4) 1 ul. of such
mixture deposited via syringe onto a stainless steel MALDI
plate and allowed to dry. The mstrument used was a Bruker
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Reflex III MALDI-TOF-MS, operated in either linear or
reflectron mode with delayed 10n extraction.

Example 1
Polymerization of TFSNB/FPCNB (75/23)

An appropriate sized reaction vessel was charged with
TFSNB, 77.0 g (302 mmol), FPCNB, 27.0 g (100 mmol),
116.5 g toluene and 38.8 g ethyl acetate. The vessel was
sealed and transferred to a dry box. Pd-1206 (0.035 g, 0.027
mmol) and DANFABA (0.066 g, 0.082 mmol) were added to
the reaction vessel, the contents mixed and 40.0 g portions of
this solution was transferred to a second appropnate size
vessel, sealed and taken out of the dry box. The desired
amount of formic acid was added and the solution was heated
to 100° C. and stirred for 17 hours. The reaction mixture was
then allowed to cool to room temperature and analysis (for
molecular weight and conversion) were performed.

TABLE 1
% Formic
Example Acid Conversion Mw Mw/Mn
la 0% 34.4% 93478 2.48
1b 2% 86.6% 11009 1.81
1c 4% 90.2% 7571 1.72

Example 2

Polymerization of MCPNB/TFENB/TFSNB
(40/30/30)

An appropriate sized reaction vessel was charged with 4.40
g (20.0 mmol) MCPNB, 3.36 g (15.0 mmol) TFENB, 3.83 g

(15.0 mmol) TFSNB, 12.9 g toluene, 4.32 g ethyl acetate and
a stir bar. This solution was sealed and transferred to a dry

box. LIFABA (0.065 g (0.075 mmol)) and Pd-1394 (0.035 g
(0.025 mmol)) were added, sealed and the vessel was taken
out of the dry box. The desired amount of formic acid was
added and the solution was heated to 90° C. and stirred for 17
hours. The reaction mixture was then allowed to cool to room
temperature and analysis (for molecular weight and conver-
s10n) were performed.

TABLE 2
% Formic
Example Acid Conversion MW Mw/Mn
2a 0% 47% 65169 2.72
2b 4% 54% 6710 3.03
2¢ 8%%0 90% 3523 2.16
2d 12% 82% 2224 1.69

Example 3

Polymerization of HFANB/t-BuEsNB (80/20)

An appropriate sized reaction vessel was charged with 10.9

g (40.0 mmol) HFANB, 1.94 g (10.0 mmol) t-BuEsNB, 14.4
g toluene, 4.81 g ethyl acetate and stirred. This solution was

sealed and transferred to a dry box. DANFABA (0.060 g

(0.075 mmol)) and Pd-1206 (0.030 g (0.025 mmol)) were
added, sealed and the vessel was taken out of the dry box. The
desired amount of formic acid was added and the solution was
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32
heated to 100° C. and stirred for 16 hours. The reaction

mixture was then allowed to cool to room temperature and
analysis (for molecular weight and conversion) were per-

formed.

TABLE 3
% Formic
Example Acid Conversion MW Mw/Mn
3a 0% 97% 94196 2.86
3b 8% 99% 7683 1.97
3¢ 12% 99% 5063 1.86
3d 16% 99% 6033 1.91

Example 4

Polymenization of TFSNB/FPCNB (80/20)

An appropriate sized reaction vessel was charged with 8.16
g (32.0 mmol) TFSNB, 2.16 g (8.00 mmol) FPCNB, 12.0 g
toluene, 4.0 g ethyl acetate and a stir bar. This solution was
sealed and transferred to a dry box. Pd-1206 (0.024 g, 0.020
mmol) and DANFABA (0.048 g, 0.060 mmol) were added to
the vessel, capped and taken out of the dry box. The desired
amount of formic acid was added. The solution was heated to
100° C. and stirred for 16 hours. The reaction mixture was
then allowed to cool to room temperature, diluted with 2 g of
THF (10 g of THF for example 4a) and an analysis for
molecular weight and % conversion were performed.

TABLE 4
% Formic
Example Acid Conversion Mw Mw/Mn
4a 0% 98% 73100 4.18
4b 3% 97% 11020 1.79
4c 5% 98% 7360 1.65
4d 7% 99% 4510 1.48
4e 9% >07% 4170 1.45
4f 11% >07% 3860 1.49
4o 13% >07% 3470 1.46
4h 15% >07% 3290 1.44

Example 5

Polymenization of TEFSNB/FPCNB (75/25)

An appropriate sized reaction vessel was charged with 7.66
g (30.0 mmol) TFSNB, 2.70 g (10.0 mmol) FPCNB, 12.0 g
toluene, 4.0 g ethyl acetate and a stir bar. This solution was
sealed and transferred to a dry box. Pd-1206 (0.048 g, 0.040
mmol) and DANFABA (0.096 g, 0.12 mmol) were added to
the vessel, capped and taken out of the dry box. The desired
amount of formic acid was added. The solution was heated to
100° C. and stirred for 16 hours. The reaction mixture was
then allowed to cool to room temperature and an analysis for
molecular weight and conversion were performed.
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TABLE 5
% Formic
Example Acid Conversion Mw Mw/Mn
5a 7% >05% 4520 1.48
5b 9% >05% 4180 1.47
5¢ 11% >05% 3620 1.49
5d 13% >05% 3220 1.43

Example 6

Polymerization of TFSNB/FPCNB/HFANB
(60/20/20)

In an appropriate sized reaction vessel, TFSNB (18.4 g,
0.072 mmol), FPCNB (6.48 g, 0.024 mmol), HFANB (6.58 g,

0.0240 mmol), DANFABA (0.144 g, 0.00018 mmol) were
mixed with toluene (40 mL) and ethyl acetate (9 ml) and
added to a reaction vessel. The desired amount of formic acid
(see table for details) were added. The vessel was sealed and

then heated to 100 C. The catalyst, Pd-1206 (0.072 g,
0.000060 mmol), 1n ethyl acetate (3.9 ml) was added to the

vessel. The mixture was stirred for 16 hours. The reaction
mixture was then cooled and subjected to total solids analysis
(for conversion) and GPC analysis (Tor molecular weight).

TABLE 6
% Formic
Example Acid Conversion Mw Mw/Mn
6a 9% 100% 4100 1.51
6b 11% 100% 3460 1.50
6C 15% 100% 3120 1.46

Example 7

Polymerization of TFSNB/FPCNB/HFANB
(20/20/60)

An appropriate sized reaction vessel, TFSNB (6.13 g,
0.024 mmol), FPCNB (6.48 g, 0.024 mmol), HFANB (19.7 g,

0.072 mmol), and DANFABA (0.144 g, 0.00018 mmol) were

mixed with toluene (42 mlL) and ethyl acetate (9 ml) and
added to the vessel. The desired amount of formic acid (see
table for details) was added. The vessel was sealed and then
heated to 100 C. The catalyst, Pd-1206 (0.072 g, 0.000060
mmol), 1n ethyl acetate (3.9 ml) was added to the vessel. The
mixture was stirred for 17 hours. The reaction mixture was
then cooled and subjected to total solids analysis (for conver-
sion) and GPC analysis (for molecular weight).

TABLE 7
% Formic
Example Acid Conversion Mw Mw/Mn
7a 9% 100% 5580 1.79
7b 11% 100% 5370 1.89
7c 20% 100% 3980 1.70
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Example 8

Polymerization of 25/75 PhOAcCNB/MeOAcCNB

An appropriate sized reaction vessel, PhOAcCNB (6.85 g,
0.030 mmol), MeOAcNB (15.0 g, 0.090 mmol), DANFABA

(0.029 g, 0.000036 mol) and toluene (29 mL) were mixed and
added to the vessel. The desired amount of formic acid (see
table for details) were added. The vessel was sealed and then

heated to 100 C. The catalyst, Pd-1206 (0.014 g, 0.000012
mol), 1 ethyl acetate (6.4 ml) was added to the reactor. The
mixture was stirred for 18 hours. The reaction mixture was
then cooled and subjected to total solids analysis (for conver-
sion) and GPC analysis (for molecular weight).

TABLE 8
% Formic
Example Acid Conversion Mw Mw/Mn
8a 30% 100% 5070 2.83
&b 40% 100% 3700 2.42

Example 9
Polymerization of MeOAcCNB

An approprate sized reaction vessel, MeOAcCNB (23.3 g,
0.14 mmol), DANFABA (0.034 g, 0.000042 mmol) were

mixed with toluene (31 mL) and added to the vessel. The
desired amount of formic acid (see table for details) was
added. The reactor was sealed and then heated to 100 C. The
catalyst, Pd-1206 (0.017 g, 0.000014 mmol), 1n ethyl acetate
(6.2 ml) was added to the vessel. The mixture was stirred for
18 hours. The reaction mixture was then cooled and subjected
to total solids analysis (for conversion), GPC analysis (for
molecular weight) and MALDI-TOF MS analysis (for end-

group 1dentification).

TABLE 9
Mw/ MALDI-TOF
Ex# % Formic Acid  Conversion Mw  Mn MS Result
9a 30% DCOOH 100% 8220 346 D-(MeOAcNB)n-H
9b 30% HCOOD 100% 3460 2.31 H-(MeOAcNB)n-D
9¢ 30% DCOOD 100% 8410 2.83 D-(MeOAcNB)n-D
9d 30% HCOOH 100% 4090 2.51 H-(MeOAcNB)n-H
Example 10
Polymerization of TFSNB/FPCNB/HFANB
(60/20/20)
The following process was used for all examples presented

in Table 10 except that the results for 107, 10k and 10m were

obtained from a polymerization conducted at 110° C.
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An appropriated sized reaction vessel was charged with
7.66 g (36.0 mmol) of TFSNB, 3.24 g (12.0 mmol) of

FPCNB, 3.29 ¢ (12.0 mmol) of HFANB, DANFABA (0.072
g, 0.090 mmol), 15.1 g toluene and 5.83 g ethyl acetate.
(0.030 mmol) of the catalyst indicated in Table 10 and toluene
(2.39 g) were added to a separate vessel. The desired amount
of formic acid (indicated 1n Table 10) was added to the mono-
mer solution in the reaction vessel and such solution was
heated to 100° C. The catalyst from the separate vessel was
added to the monomer solution by syringe and allowed to
react, with stirring, for about 16 hours. After cooling, a GPC
analysis (for molecular weight) and total solid measurement
(for conversion) were performed.

TABLE 10
Example Catalyst % FA Conv (TS) Mw Mw/Mn OD
10a Pd-1627 5 98 3644 1.49 0.49
10b " 10 100 2679 1.41
10c 15 94 2481 1.38
10d Pd-1731 5 89 4595 1.51 0.24
10e " 10 96 2993 1.43 0.22
10f " 15 90 27789 1.43
10g " 3 99 5440 1.59
10h " 5 100 4150 1.50
101 7 100 3240 1.42
10; 3 99 5440 1.59
10k 5 100 4150 1.50
10m 7 100 3240 1.42

Example 11
Polymerization of TFSNB/FPCNB (75/23)

The following general process was used to form the poly-
mers of Tables 11A and 11B. For the polymers of Table 11A
the catalyst employed and the percent CTAA were varied,
while for the polymers in Table 11B, only the catalyst
Pd-1627 was used, but at different monomer to catalyst ratios,
different temperatures and different reaction solvents, as
shown 1n such table.

An appropriate sized reaction vessel was charged with
TFSNB 11.49 g (45.0 mmol), FPCNB 4.05 g (15.0 mmol),
DANFABA 0.072 g (0.090 mmol) and dissolved 1n an appro-
priate amount of either toluene/ethyl acetate of trifluorotolu-
ene/ethyl acetate (75/25 mol %) such that the monomer
charge 1n the vessel was about 40 wt % of the total charge.
0.030 mmol of the catalyst indicated 1n Table 11, below, was
added to a separate vessel with toluene (3.85 g). The desired
amount of formic acid was added to the monomer solution 1n
the reaction vessel and the solution was heated to 100° C. for
the experiments of Table 11A and the temperature indicated
for those shown 1n Table 11B. The catalyst from the separate
vessel was added to the monomer solution by syringe and in
allowed to react, with stirring, for about 16 hours. After cool-
ing, a GPC analysis (for molecular weight) and total solid
measurement (for conversion) were performed.

TABLE 11A
Ex # Catalyst % FA  Conversion Mw Mw/Mn OD
11a Pd-1296 9 90% 7643 2.13
11b " 7 91% 8074 2.10
11c Pd-1348 9 76% 8820 2.10
11d " 7 T7% 9744 2.12
lle Pd-1627 5 92% 3635 1.47 0.42
111 " 9 97% 2843 1.41
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TABLE 11A-continued
Ex # Catalyst % FA  Conversion Mw Mw/Mn OD
l1g 15 97% 22774 1.34
11h Pd-1731 5 87% 4536 1.52
111 " 9 92% 3189 1.42 0.22
11 15 100% 2486 1.39
TABLE 11B
Ex # Mon:Cat Temp Solvent % FA Conv (TS) Mw  Mw/Mn
11k 1500:1:3 80 75/25 5 62
m " Tol/EA 10 56
| 1n 15 54
110 1000:1:3 80 75/25 5 74
11p " Tol/EA 10 74
11q 15 71
|11 2000:1:3 100 75/25 5 97 3451 1.51
S " " TFT/EA 10 97 2718 1.42
11t 15 98 2314 1.39
Example 12

Polymerization of HFANB/MeOAcNB (55/45)

The following process 1s used for all examples 1n Table 12
except that Pd-1731 was used for Experiments 12a through
121 and Pd-1627 was used for Experiments 12¢g through 121.

An appropriate sized reaction vessel was charged with 9.05
g (33 .0 mmol) of HFANB, 4.49 g (27.0mmol) of MeOACNB,
(0.072 g,0.090 mmol) of DANFABA, 12.2 gtoluene and 4.97
g ethyl acetate. An appropriate amount of the appropriate
catalyst (0.030 mmol of the catalyst with the amount of
monomer indicated above represents a 5000:1 monomer to
catalyst ratio) and toluene (2.39 g) were added to a separate
vessel. The desired amount of formic acid was added to the
monomer solution. The catalyst from the separate vessel was
added to the monomer solution by syringe and 1n allowed to
react, with stirring, for from about 16 to 18 hours. After
cooling, a GPC analysis ({or molecular weight) and total solid
measurement (for conversion) were performed.

TABLE 12

Ex # Mon:Cat % FA  Conversion Mw  Mw/Mn OD
12a 2000:1:3 5 100% 6046 2.31

12b " 10 100% 4607 2.23

12¢ 15 100% 3993 2.11 0.27
12d 5000:1:3 15 73%

12e 10k:1:3 ; 39%

121 20k:1:3 16%

12¢g 5k:1:3 15 57%

12h 10k:1:3 " 27%

121 20k:1:3 13%

Catalyst Examples 1-6 illustrate the formation of some
catalysts useful in embodiments of the present invention.

Catalyst Example 1a Pd-910

A solution of (allyl)palladium(II) chloride dimer (2.21 g,
6.05 mmol) dissolved 1n 22 ml. CH,Cl, and 12, m[L MeCN
was added to a solution of silver tetrakis(pentatluorophenyl)
borate (11.74 g, 12.09 mmol), 1.5 mL toluene dissolved 1n 22
ml. CH,Cl,. An immediate white precipitate formed. The
solution was stirred for 20 minutes, at which point it was
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filtered through Celite® and concentrated under vacuum to
form a light yellow oil. The o1l was shaken with n-pentane
(2x20mL) and dried 1n vacuo to produce a light yellow solid.
Yield: 10.2 g (93%). "HNMR (CD,Cl,, 500 MHz): § 2.28 (s,
6H), 3.19 (d, 2H), 4.33 (d, 2H), 5.65 (sept, 1H).

Catalyst Example 1b

Pd-910

To a yellow solution of (allyl)palladium(1I) chloride dimer
(0.402 g, 1.10 mmol) and LiFABA.2.5 Et,O (1.92 g, 2.20
mmol) dissolved 1n 30 mLL. CH,Cl, was added a colorless
solution of silver trifluoroacetate (0.486 g, 2.20 mmol) dis-
solved 1n 5 mLL MeCN. A white precipitate forms 1immedi-
ately. The solution 1s stirred for 1 h at which point 1t 1s filtered
through Celite® and concentrated under vacuum to a light
yellow o1l. The o1l 1s shaken with 2x20 mL n-pentane and
dried 1n vacuo for 30 min. to produce a white solid. 1.60 g
yield (80% yield). '"H NMR (CD,Cl,, 500 MHz): & 2.24 (s,
6H), 3.18 (d, 2H), 4.33 (d, 2H), 5.65 (sept, 1H). °F NMR
(CD,Cl,, 470 MHz): 6-133.9, -164 .3, -168.0.

Catalyst Example 2

Pd-641

A solution of (allyl)palladium(II) chloride dimer (2.50 g,
6.82 mmol) dissolved 1n 10 mLL CH,CI, and 10 mLL MeCN
was added to a solution of silver tris(trifluoromethylsulfonyl)
methide (6.26 g, 13.6 mmol) (see Inorg. Chem. 1988, 27,
21335) dissolved 1n 20 mL. MeCN. An immediate white pre-
cipitate formed. The solution was stirred for 90 minutes, at
which point it was filtered through Celite® and concentrated
under vacuum to form an oily solid. The oily solid was
washed with 10 mL ether followed by 20 mL n-pentane and
place in -5° C. freezer for 16 hrs. The solids were collected
and dry 1n vacuo to produce a light yellow solid. Yield 5.58 g
(70%). "HNMR (CD,Cl,, 500 MHz): § 2.23 (s, 6H), 3.19 (d,
2H),4.31 (s, 2H), 5.65 (s, 1H). "F NMR (CD,Cl,, 500 MHz):
0 —78.5.

Catalyst Example 3

|Dimethylanilinium]|[ Tris(trifluoromethylsulionyl)
methide]

In an appropriate sized reaction vessel, 10.00 g of a 59.1
wt % solution of (CF,SO,)CH 1in water was added. 4 mL ether
was added to the vessel followed by a drop-wise addition of a
solution of dimethylaniline (1.82 mL, 14.34 mmol) dissolved
in 10 mL ether over the course of 5 min. The solution was
stirred for 20 minutes and the layers were separated. The
aqueous layer was collected and washed with ether (2x10
mlL). The ether washing were combined and the solvent was
removed 1n vacuo to produce a colorless solid. Yield 7.66 g
(100%). ;HNMR (CD,Cl,, 500 MHz): 6 3.32 (s, 6H, (CH;),
NHC.H.), 7.51-7.64 (m, 5H, (CH;),NHC/H:). ,;F NMR
(CD,Cl,, 500 MHz): 0 -77.2.

Catalyst Example 4

Lithium [tris(trifluoromethylsulfonyl)methide]

In an appropriate sized reaction vessel, 10.00 g of a 59.1
wt % solution of (CF;SO;)CH 1n water was added. Solid

lithium hydroxide (0.403 g, 16.81 mmol) was added portion
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wise, and the solution was stirred for 10 minutes as the tem-
perature rose to 50° C. and returned to room temp. The solu-
tion was filtered and concentrated to dryness to produce a

white solid. Yield 6.08 g (100%). °F NMR (CD,Cl,, 500
MHz): & -77.1.

Catalyst Example 5

Pd-967

To a yellow suspension of Pd-304 (7.56 g, 24.8 mmol) 1n

480 mL of a 1:1 mixture of THF/MeCN was added a brown
solution of L1IFABA (21.6 g, 24.8 mmol) dissolved 1n 100 mL
MeCN. The mixture i1s stirred overnight at which point 1t 1s
filtered through Celite® and alumina filtering aid and con-
centrated under vacuum to a brown/orange solid. Yield: 22.70
g (94%). '"H NMR (CD.Cl,, 500 MHz): § 2.02 (s, 6H), 2.06
(s, 6H), 5.54 (s, 1H). "F NMR (CD,Cl,): 6 -133.1, -163.5,
-167.9.

Catalyst Example 6

Pd-1115

To an orange solution of palladium(II) di-t-butylacetylac-
ctonate (1.06 g, 2.24 mmol) and LiIFABA (1.96 g, 2.24 mmol)
dissolved 1n 30 mLL. CH,Cl, was added t-BuNH, (0.473 mlL,
4.48 mmol). The solution became a yellow suspension over
the course of 20 min. The mixture 1s stirred overnight at which
point 1t 1s filtered through Celite® filtering aid and concen-
trated under vacuum to a yellow solid. Yield: 2.06 g (82%). 'H
NMR (CD,Cl,, 500 MHz): 6 1.15 (s, 18H), 1.44 (s, 18H),
2.80 (s, 4H), 5.90 (s, 1H).

Catalyst Example 7

Pd-917

To a mixture of tris(dibenzylideneacetone)dipalladium (0)
(2.97 g,3.24 mmol), 1,4-benzoquinone (1.75 g, 16.2 mmol)

and norbornene (3.05 g, 32.4 mmol) was added 100 mlL

acetone. The solution was stirred for 30 min at ambient tem-
perature at which point the color changed from deep purple to
reddish-brown. The solvent was concentrated 1n vacuo to ca.

20 mL and 1350 mL ether was added to precipitate a brown
solid. The solid was collected by cannula filtration, washed
with 2x50 mL ether and dried 1n vacuo to produce a brown

solid. Yield: 0.170 g (8.5%). "H NMR (CDCl,, 500 MHz): &
~0.25 (2H, d), 0.44 (2H, d), 1.21 (4H, m), 1.61 (4H, m), 2.95
(4H, s), 4.43 (4H, ddd), 4.78 (4H, s), 4.95 (4H, ddd).

Common to all examples that follow 1s that the reagents
used are essentially oxygen free. That 1s to say that either the
reagents and solvents are charged into a reaction vessel and
then sparged with nitrogen for a period of time believed
suificient to remove essentially all dissolved oxygen, or the
reagents and solvents are individually sparged prior to their
use and stored under a nitrogen blanket prior to being charged
to the reaction vessel. Therefore 1t will be understood that
while a specific experimental description will not refer to
either of the above methods of providing oxygen free reagents
and solvents, one or the other was performed. Further, while
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not specifically mentioned 1n every example, an appropriate
method of stirring or otherwise agitating the contents of a
reaction vessel was provided.

Comparative Example 1

Polymerization of MeOAcNB using Pd-444

Nitrogen sparged MeOAcNB (9.97 g, 60.1 mmol) and
toluene (14.96 g) were combined 1n a glass vial equipped with
a stirbar. In a separate vial, Pd-444 (0.0265 g, 0.0600 mmol)
was dissolved in nitromethane (4 mL) and ethylacetate (4
mlL). To the catalyst solution was added P(n-Bu), (0.0121 g,
0.0600 mmol). The monomer solution was heated to 110° C.
and the catalyst solution was injected into the monomer solu-
tion. The reaction was allowed to stir at 110° C. for 21 hours.
After cooling to room temperature, the polymerization con-
version was determined by total solids measurement (49%).
GPC: Mw=2760, Mn=1740. The polymer solution was {il-
tered to remove black palladium metal and was evaporated to
dryness then dissolved 1n a minimum of toluene. The toluene
solution was poured into hexanes (4-5 times the polymer
solution volume) to form a polymer precipitate. The precipi-

tated polymer was filtered and dried under vacuum at 80° C.
overnight. 'H NMR (CDCL,): 8 0.5-2.7 (br m, aliphatic

hydrogens), 3.5-4.5 (br m, —CH,—OC(O)Me), 4.7-5.0
(br s, > C—CH,, exo-cyclic olefinic end group hydrogens),
5.6-5.9 (br m, —CH—CH— endo-cyclic olefinic end group
hydrogens). MALDI-TOF MS: the major series of (M+Na)+
1ons was observed: m/z=1849, 2015, 2181, 2347, 2513, etc.
The MALDI-TOF MS and 1H NMR data are consistent with
the following diene end group structure, Formula X.

)

CH>OAc

Comparative Example 2

Polymerization of 55/45 HFANB/MeOAcCNB using
Pd-444

Inthe glove box, MeOAcNB (4.49 g, 0.0270 mol ), HFANB

(9.05 g,0.0330 mol), and toluene (13.6 g) were mixed 1n a vial
equipped with a stirbar. The vial was sealed and brought out
of the dry box. The appropriate amount of formic acid was
added to the vial (see Table A below). The vial was heated to
90 C and Pd-444 (0.027 g, 0.0600 mmol) in nitromethane
(1.31 g) was added. The reaction mixture was stirred at 90 C
for 17 hours. The reaction mixture was then cooled and sub-
jected to total solids analysis (for conversion) and GPC analy-
s1s (for molecular weight). The reaction mixtures were puri-
fied by removal of catalyst residues. The polymers were
precipitated 1nto hexanes and dried overnight 1n a vacuum
oven at 60 C. The OD of the precipitated polymer was deter-
mined. The results shown 1n Table A show that the OD of the
polymer does not change significantly as a function of Mw
(and therefore a function of formic acid concentration).
Samples 2a and 2d were subjected to MALDI-TOF MS
analysis. The major series of (M+Na)™ 10ons observed were
consistent with copolymers of HFANB and MeOAcNB with
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the diene end group structure shown in Formula VII. In the "H
NMR spectra of samples 2a through 2d, olefinic resonances
are observed from 4.7 to 5.0 and 5.3 and 5.9 ppm consistent
with the diene end group structure in Formula VII.

TABLE A
Reaction After

Comparative Conv Mixture precipitation

Example %% FA (TS) Mw Mw/Mn Mw Mw/Mn OD (193)
2a 0 92 5140 1.69 3470  1.57 0.55

2b 6 100 5140 1.71 3640  1.56 0.49

2¢ 12 100 4970  1.69 5440  1.63 0.50

2d 18 94 4830 1.69 5090  1.63 0.55

As 1t 15 readily seen 1in Table A, the addition of the formic

acid CTAA to a Pd-444 catalyzed polymerization mixture
seems to be ineffective for molecular weight control. As
theorized previously, such a result suggests that Pd-444 1s
absent a moiety that can be replaced by the CTAA.

Example 13

Polymerization of MeOAcNB with Glacial HOAc
and Formic Acid

In an appropriate sized reaction vessel, MeOAcNB, (9.97
g, 0.06 mmol) was mixed with (16 mL) toluene and added to
the vessel and stirred. Glacial acetic acid, (0.07 g, 0.0012
mmol) and the desired amount of formic acid (see table for
details) were added. The vessel was sealed and then heated to
110° C. The catalyst, Pd-641 (0.038 g, 0.000060 mmol) 1n
toluene (1.7 ml) was added to the vessel. The mixture was
stirred for 18 hours. The reaction mixture was then cooled and
subjected to total solids analysis (for conversion) and GPC
analysis (for molecular weight).

TABLE 13
Glacial
HOAc (mol %

Ex # on monomer) % Formic Acid % Conversion Mw Mw/Mn

13a 2% 0% 97% 3020  1.67

13b 2% 10% 91% 2580  1.65
Example 14

Polymerization of MeOAcNB with Formic Acid

In an appropriate sized reaction vessel, MeOAcCNB (41.6 g,
0.251 mmol), DANFABA (0.601 g, 0.00075 mmol) and tolu-
ene (66 mL) were mixed and added to the vessel. The desired
amount of formic acid (see table for details) was added. The
vessel was sealed and then heated to 110° C. The catalyst,
Pd(acac), (0.076 g, 0.00025 mol), 1n toluene (4.2 mL) was
added to the vessel. The mixture was stirred for 16 hours. The
reaction mixture was then cooled and subjected to total solids
analysis (for conversion) and GPC analysis (for molecular
weight).
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TABLE 14
Ex # % Formic Acid Conversion Mw Mw/Mn OD (193 nm)
14a 0% 99% 5440  2.40 0.62 u*
14b 10% 97% 2130  1.65 0.48 pu!

The polymers resulting from Examples 14a and 14b were
subjected to MALDI-TOF MS analysis. (The sample (0.1
mg/mlL ) and dithranol (1,8,9-anthracenetriol, 0.2 mg/mL) are
dissolved in THF. Sodium trifluoroacetate 1s dissolved in
methanol (0.3 mg/mlL), and 30 uL of the sodium trifluoroac-
ctate solution 1s added to 1 mL of the sample solution. Equal
volumes (30 uL each) of the sample/sodium trifluoroacetate
and dithranol solutions are mixed together, and 1 uL. of this 1s
deposited via syringe onto the stainless steel MALDI plate
and allowed to dry. The mstrument 1s a Bruker Reflex III
MALDI-TOF-MS, operated in either linear or retlectron
mode, with delayed 1on extraction.)

For example 14a, the molecular 1ons observed for the major
polymer series (~70%) was consistent with a di-olefinic end
group. The 'H NMR spectrum of the polymer in example 14a
exhibited two olefinic resonances from ~5.8 to ~5.5 ppm and
at ~4.7 ppm. For example 14b, the molecular 1ons observed
for major polymer series (~75%) was consistent with two
hydrogen termini present in the polymer chain. The other
polymer series (~25%) exhibited molecular ions consistent
with a di-olefinic end group. The "H NMR spectrum of the
polymer in Example 14b exhibited the two olefinic reso-
nances but at lower concentration when compared to the
polymer from example 14a. The lower concentration of di-
olefinic end groups in the polymer from Example 14b 1is
consistent with the lower OD observed at 193 nm despite 1ts
lower molecular weight when compared to the polymer from
Example 14a.

Example 15
Polymerization of PhOAcCNB/BuNB/MeOAcCNRB

(25/30/45)

In an appropnate sized reaction vessel, PHNOAcCNB (3.42

g, 0.015 mmol), BuNB (2.70 g, 0.018 mmol), MeOAcNB
(4.49 g, 0.027 mmol), DANFABA (0.144 g, 0.00018 mmol)
were mixed with toluene (16 mL) and added to the vessel and
stirred. The desired amount of formic acid (see table for
details) was added. The vessel was sealed and then heated to
110 C. The catalyst, Pd(acac)2 (0.018 g, 0.000060 mmol), 1n
toluene (2.1 ml) was added to the vessel. The mixture was
stirred for 23 hours. The reaction mixture was then cooled and
subjected to total solids analysis (for conversion) and GPC
analysis ({or molecular weight).

TABLE 15
% Formic
Ex # Acid Conversion Mw Mw/Mn
15a 0% 100% 8440 3.43
15b 10% 0R% 2820 1.95
15¢ 15% 099% 2600 1.86

Example 16

Polymerization of PhOAcCNB/BuNB/MeOAcNB
(25/30/45)

An appropriate sized reaction vessel was charged with
PhOACcNB (1.87 g, 8.75 mmol), BuNB (1.58 g, 10.5 mmol),

MeOACNB (2.62 g, 15.8 mmol), 5.84 g toluene and stirred.
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The vessel was sealed. The desired amount of formic acid was
added and the solution was heated to 110° C., at which point
a solution containing Pd-910 (0.032 g, 0.035 mmol), DAN-
FABA (0.084 g, 0.105 mmol) dissolved 1n 3.64 mL toluene
was added to the vessel, and the solution was stirred for 16
hours. The mixture was then allowed to cool to room tem-
perature, and total solids analysis (for conversion) and GPC
analysis (for molecular weight) were performed.

TABLE 16
% Formic
Ex # Acid Conversion Mw Mw/Mn
16a 0% 06% 6240 2.63
16b 5% 100% 6260 2.67
16¢ 10% 100% 61 80 2.67
16d 20% 100% 5710 2.50
16e 30% 100% 5060 2.50
161 409% 049% 5020 2.42
Example 17

Polymerization of TFSNB/FPCNB (75/235)

An appropriate sized reaction vessel was charged with
TFSNB (7.66 g, 30.0 mmol), FPCNB (2.70 g, 10.0 mmol),
12.0 g toluene, and 4.0 g ethyl acetate. The vessel was sealed
and transierred to a dry box. Pd(acac), (0.024 g, 0.079 mmol)
and DANFABA (0.196 g, 0.25 mmol) were added, sealed and
the vessel was taken out of the dry box. To the vessel 1 17a,
(0.048 g, 0.80 mmol) acetic acid was added. The desired
amounts of formic acid were added to the vessels in 17b, 17c¢,
and 17d and the solutions were heated to 120° C. and stirred
for 16-20 hours. The reaction mixtures were then allowed to
cool to room temperature, and GPC analysis (for molecular
weilght and conversion) was performed.

TABLE 17
% Formic
Ex # Acid Conversion Mw Mw/Mn
17a 0% R49% 3440 1.40
17b 39 049, 2780 1.33
17¢ 6% 049% 2520 1.31
17d 12% 049, 2240 1.27
Example 18

Polymenization of HFANB/TFSNB (80/20)

An approprate sized reaction vessel in 6a was charged
with HFANB (8.76 g, 32.0 mmol), TFSNB (2.04 g, 8.0
mmol), 12.0 g toluene, 4.0 g ethyl acetate and stirred. Another
appropriate sized reaction vessel in 6b was charged with
HFANB (17.53 g, 64.0 mmol), TFSNB (4.08 g, 16.0 mmol),
24.0 g toluene, 8.0 g ethyl acetate and stirred. These solutions

were sealed and each transferred to a dry box. Pd(acac),
(0.024 g, 0.08 mmol) and DANFABA (0.19 g, 0.24 mmol)

were added to the vessel 1n 6a and Pd(acac), (0.049 g, 0.16
mmol) and DANFABA (0.39 g, 0.48 mmol) were added to the
vessel in Example 6b. The vessels were seal and each taken
out of the dry box. Formic acid (0.37 g, 8.0 mmol) was added
to the vessel 1n 6b. The solutions were heated to 115° C. and
stirred for 18 hours. The reaction mixtures were then allowed
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to cool to room temperature, and GPC analysis (for molecular
weight and conversion) was performed.

TABLE 18
% Formic %0
Ex # Acid Conversion Mw Mw/Mn
18a 0% 939% 8040 1.97
18b 10% 0R% 3970 1.46

Example 19

Polymerization of HFANB/TFSNB/FPCNB (75/20/5
and 80/15/5)

Appropriate sized reaction vessels mn 7a and 7b was

charged with HFANB (16.4 g, 60.0 mmol), TFSNB (4.08 g,
16.0 mmol), FPCNB (1.08 g, 4.0 mmol), 24.0 g toluene, 8.0
g ethyl acetate and stirred. An approprnate sized reaction
vessel in 7¢ was charged with HFANB (17.5 g, 64.0 mmol),
TFSNB (3.06 g, 12.0 mmol), FPCNB (1.08 g, 4.0 mmol),
24.0 g toluene, 8.0 g ethyl acetate and stirred. These solutions
were sealed and each transferred to a dry box. Pd(acac),
(0.024 g, 0.079 mmol) and DANFABA (0.19 g, 0.24 mmol)
were added to each reaction vessel. The vessels were seal and
cach taken out of the dry box. Formic acid (0.37 g, 8.0 mmol)
were added to the vessels 1n 7b and /¢ and the solutions were
heated to 115° C. and stirred for 18 hours. The reaction
mixtures were then allowed to cool to room temperature, and
GPC analysis (for molecular weight and conversion) was
performed.

TABLE 19
% Formic %

Ex # Acid Conv. Mw Mw/Mn
19a 0% RR% 6830 1.65
19b 10% >95% 3740 1.43
19¢ 10% >95% 3580 1.11

Example 20

Polymerization of BuNB/NBC,H,CO,Et (50/50)

An appropriate sized reaction vessel was charged with
NBC,H,CO,Et (1.0 g, 5.15 mmol), BuNB (0.77 g, 5.15
mmol), 1.49 g toluene, 0.50 g ethyl acetate and stirred. This
solution was sealed. The desired amount of formic acid was
added and the solution was heated to 110° C., at which point
a solution containing Pd(acac), (0.0064 g, 0.02 mmol), DAN-
FABA (0.05 g, 0.062 mmol) dissolved in 0.69 mlL ethyl
acetate was added to the vessel, and the solution was stirred
for 16 hours. The mixture was then allowed to cool to room
temperature, and total solids analysis (for conversion) and
GPC analysis (for molecular weight) were performed.
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TABLE 20
% Formic
Ex# Acid % Conv. Mw Mw/Mn
20a 0% 100% 13200 4.10
20b 5% 100% 7710 2.82
20c¢ 10% 100% 6120 2.29
Example 21

Polymerization of PhOAcCNB

An appropriate sized reaction vessel was charged with
PhOACNB (7.5 g,35.0mmol), 7.98 g toluene and stirred. This
solution was sealed. The desired amount of formic acid was
added and the solution was heated to 110° C., at which point
a solution containing Pd-910 (0.032 g, 0.035 mmol), DAN-
FABA (0.084 g, 0.105 mmol) dissolved in 3.64 mL toluene
was added, and the solution was stirred for 16 hours. The
mixture was then allowed to cool to room temperature, and
total solids analysis (for conversion) and GPC analysis (for
molecular weight) were performed.

TABLE 21
Ex # % Formic Acid % Conv Mw Mw/Mn
21a 0% 100% 4600 1.75
21b 10% 100% 3770 1.66
21c 20% 100% 3620 1.65
21d 409% 100% 3330 1.59
Example 22

Polymerization of HFANB/MeOAcNB (60/40)

A solution of HFANB (113.1 g, 0.42 mmol), MeOAcNB
(46.5 g, 0.28 mmol), Pd(acac), (0.11 g, 0.35 mmol), DAN-
FABA (0.84 g, 1.05 mmol), 180 g toluene, and 60 g ethyl
acetate was made. This master batch was divided nto six
approprate sized vessels having the same quantity (10A-F)
and one appropriate size vessel of a different quantity (10G).
The desired amount of formic acid was added to these vessels
and the mixture was heated to the desired temperature (see
table) for 19 hours. The mixture was then allowed to cool to
room temperature, and total solids analysis (for conversion)
and GPC analysis (for molecular weight) were carried out on
the resulting mixture. The polymer was then purified to
remove residual catalyst and then precipitated into heptane
and dried 1n a vacuum oven. The optical density of the dried
polymer at 193 nm was determined and molecular weight
(Mw) was determined by GPC analysis both after polymer-
1zation and precipitation.

TABLE 22
Poly.  Formic Acid mol %
Ex# T(°C.) % on monomer Conv. Mw* Mw** OD (u ™)
22a 60 6.0 76 6360 6670 0.173
22b 60 12.0 97 4660 4910 0.168
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TABLE 22-continued

Poly.  Formic Acid mol % 5
Ex# T(°C) %onmonomer Conv. Mw* Mw** OD(u!)
22g 60 18.0 86 4530 4960 0.166
22¢ 80 6.0 100 4500 4710 0.205
22d 80 12.0 100 3710 4140 0.169 1o
22¢ 100 6.0 97 3860 4120 0.268
221 100 12.0 97 3380 3700 0.214
15

*GPC after polymerization.

**GPC after precipitation.

Example 23

Polymerization of HFANB/t-BuEsNB (50/50)

In an appropriate sized reaction vessel, a solution of
HFANB (6.85 g, 0.025 mmol), t-BuEsNB (4.85 g, 0.025
mmol), and 18 g toluene were mixed and added to a reaction
vessel. Pd(acac), (0.106 g, 0.349 mmol) and DANFABA
(0.841 g, 1.05 mmol) were added to the vessel. The desired
amount of formic acid was added and the mixture was heated
to 115° C. for 20 hours. The mixture was then allowed to cool
to room temperature, and total solids analysis (for conver-
sion) and GPC analysis (for molecular weight) were per-
formed.
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TABLE 23
Ex# % Formic Acid % Conversion Mw Mw/Mn
23a 0 >035 2510 1.65
23b 4 =035 2170 1.55
23¢ 8 >035 2020 1.51
23d 12 =035 1830 1.48
Example 24

Polymerization of TFSNB/FPCNB/HFANB
(20/10/70)

An appropriate sized reaction vessel was charged with
TFSNB (3.06 g, 0.012 mmol), FPCNB (1.62 g, 0.006 mmol),
HFANB (11.52 g, 0.042 mmol), DANFABA (0.144 g, 0.18
mmol), 16.2 g toluene, 6 g ethyl acetate and stirred. The
desired amount of formic acid (see table) was added to the
vessel. The mixture was then heated to the desired tempera-
ture (see table) at which point Pd(acac), (0.018 g, 0.06 mmol)
was added to the mixture with a small amount of ethyl acetate
and heated for 16 hours. The reaction mixture was then
allowed to cool to room temperature and total solids determi-
nation (for conversion) and GPC analysis (for molecular
weight) was performed. Residual catalyst and monomer was
removed from 12h and 125. The optical densities (OD) at 193
nm of these two examples are reported in the table. The
composition of 12h and 12; were 20:10:70 and 21:9:69 of

TFSNB:FPCNB:HFANB, respectively, from 'HNMR analy-
S18S.

TABLE 24

Formic Acid

Ex#  Temp.(°C.) (mol% onmonomer) % Conversion Mw Mw/Mn OD (p ™V
24a 115 0.1 58 7170  1.63

24b 115 2 97 4420  1.40

24c 115 6 99 3790  1.38

24d 115 10 100 3360  1.31

24e 115 15 97 3120 1.27

241 100 0.1 45 11140  1.73

24g 100 2 65 6090  1.533

24h 100 6 93 4380 1.3%8 0.22
241 100 10 100 3680  1.35

24 100 15 99 3570 1.34 0.18



US 7,759,439 B2

47

Example 25

Polymerization of TFSNB/TFENB/MCPNB
(30/30/40)

An appropriate sized reaction vessel was charged with

TFSNB (3.83 g, 0.015 mmol), TFENB (3.36 g, 0.015 mmol),
MCPNB (4.4 g, 0.02 mmol), 17.1 g of toluene and stirred.
L1FABA (0.065 g, 0.075 mmol) and Pd(acac), (0.008 g, 0.025
mmol) was added to the vessel. The desired amount of formic
acid was added and the mixture was heated for 17 hours. The
reaction mixture was then allowed to cool to room tempera-
ture and total solids determination (for conversion) and GPC
analysis (for molecular weight) was performed.

TABLE 25
Ex # % Formic Acid % Conversion Mw Mw/Mn
253 0 43 1860 1.39
25b 3 68 1500 1.32
25¢ 6 70 1360 1.30
25d 9 52 1620 1.34
25e%* 6 75 1820 1.45

*trifluorotoluene solvent
Example 26
Polymerization of BuNB

In an appropriate sized reaction vessel, a solution of BuNB
(5.26 g, 0.035 mmol), N,N-dimethylanilinmum tris(trifluo-
romethylsulfonyl)methide (0.028 g, 0.053 mmol), and 6.63 g
cyclohexane were placed 1n the vessel and stirred. The vessel
was sealed and the desired amount of formic acid was added.
The solution was heated to 60° C. and Pd(acac), (0.0053 g,
0.018 mmol) was added 1n 1.2 mL toluene and stirred for 17
hours. The mixture was then cooled to room temperature and
total solids determination (for conversion) and GPC analysis
(for molecular weight) was performed. Two of the polymers
(14a and 14d) were further purified by removal of residual
catalyst and by removal of monomer by precipitation from
hexane, dried 1n a vacuum oven overnight. Optical density
(OD) at 193 nm was determined for these two polymers.

TABLE 26
Ex # % Conversion % FormicAcid Mw  Mw/Mn OD (p-1)
26a 100 3 6130 2.06 0.20
26b 100 5 4900 1.84
26¢ 100 10 5080 1.81
26d 100 17 5780 1.99 0.22
26e 100 20 6700 1.98
261 100 30 7970 2.17
26g 100 35 7790 2.10
26h 100 40 8260 2.21

Example 27

Polymerization of NB

In an appropriate sized reaction vessel, a solution of NB
(5.65 g, 0.06 mmol), N,N-dimethylanilintum tris(tritluorom-
cthylsulfonyl)methide (0.048 g, 0.090 mmol), and 7.43 ¢
cyclohexane were placed 1n the vessel and stirred. The vessel
was sealed and the desired amount of formic acid was added.
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The solution was heated to 60° C. and Pd(acac), (0.0091 g,

0.03 mmol) was added 1n 1.0 mL toluene and stirred for 17
hours. The mixture was then cooled to room temperature and
total solids determination (for conversion) and GPC analysis
(for molecular weight) was performed.

TABLE 27
Ex # % Conversion % Formic Acid Mw Mw/Mn
27a 100 3 2360 2.63
27b 100 5 1970 2.52
27¢ 100 10 2010 2.68
27d 100 20 3430 3.46

Example 28

Polymerization of DecNB

In an appropriate sized reaction vessel, a solution of
DecNB (8.20 g, 0.0350 mol), N,N-dimethylanilintum tris
(trifluoromethylsulfonyl)methide (0.028 g, 0.053 mmol), and
11.16 gcyclohexane were placed 1in the vessel and stirred. The
vessel was sealed and the desired amount of formic acid was
added. The solution was heated to 60° C. and Pd(acac),
(0.0053 g, 0.018 mmol) was added 1n 1.2 mL toluene and
stirred for 17 hours. The mixture was then cooled to room
temperature and total solids determination (for conversion)
and GPC analysis (for molecular weight) was performed.

TABLE 28
Ex # % Conversion % Formic Acid Mw Mw/Mn
2%8a 69 3 5110 1.55
28b 82 5 3730 1.36
28¢ R7 10 3750 1.34
28d 82 20 4120 1.38
Example 29

Polymerization of PENB

In an approprate sized reaction vessel, a solution of PENB
(6.94 g, 0.035 mmol), N,N-dimethylanilinmum tris(trifluo-
romethylsulfonyl)methide (0.028 g, 0.033 mol), and 9.0 g
cyclohexane were placed 1n the vessel and stirred. The vessel
was sealed and the desired amount of formic acid was added.
The solution was heated to 60° C. and Pd(acac), (0.0053 g,
0.018 mmol) was added 1n 1.2 mL toluene and stirred at 60°
C. for 17 hours. The mixture was then cooled to room tem-
perature and total solids determination (for conversion) and
GPC analysis (Tor molecular weight) was performed.

TABLE 29
Ex # % Conversion % Formic Acid Mw Mw/Mn
293 91 3 3940 1.54
29b 100 5 3680 1.65
29¢ 93 10 3060 1.56
29d R6 20 4210 1.53
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Example 30

Polymerization of BuNB

In an appropnate sized reaction vessel, a solution of BulNB

(5.26 g, 0.035 mmol) and 6.74 g p-methane were added in the
vessel and stirred. DANFABA (0.084 g, 0.105 mmol) was
added to the vessel and the desired amount of formic acid was
added. The solution was heated to the appropriate tempera-
ture (see table) at which point Pd(acac), (0.011 g, 0.035
mmol) was added 1n a small amount of ethyl acetate. The
mixture was stirred at temperature for 17 hours. The mixture
was then cooled to room temperature and total solids deter-
mination (for conversion) and GPC analysis (for molecular
weight) was performed.

TABLE 30
Ex#  Temp.(°C.) % Formic Acid % Conversion Mw  Mw/Mn
30a 115 0% 100 12790  5.57
30b 115 10% 97 8490  3.44
30c 115 20% 93 6810  2.85
30d 100 0% 99 17690  5.54
30e 100 10% 98 8630  3.08
30f 100 20% 95 7050  2.68
30g 80 0% 100 34770  6.33
30h 80 10% 100 14060  3.68
301 80 20% 97 9690  2.89
30 60 0% 100 107350  8.52
30k 60 10% 100 17110  3.89
301 60 20% 100 11610  3.14

Example 31

Polymerization of NBEtCO,Et

In an appropriate sized reaction vessel, a solution of
NBEtCO,Et (7.77 g, 0.04 mmol), DANFABA (0.048 g, 0.06

mmol), and 10.8 g toluene were added to the vessel and
stirred. The desired amount of formic acid was added and the
solution was heated to the appropriate temperature (see table)

at which point Pd(acac), (0.006 g, 0.02 mmol) was added 1n

0.6 g toluene. The mixture was stirred at temperature for 18
hours. The mixture was then cooled to room temperature and
total solids determination (for conversion) and GPC analysis
(for molecular weight) was performed. For 19¢g, 19h, and 191,
monomer and catalyst residues were removed and the poly-
mer was precipitated from heptane and dried 1n a vacuum
oven. The optical density (OD) of the polymer was then
determined (see table).

TABLE 31

Temp Formic Acidmol % Conwv.
Ex# (°C.) % on monomer (TS) Mw Mw/Mn OD (u ™)
3la 80 10 99 7270  2.39
31b " 15 97 6420  2.21
31c 20 96 5720  2.08
31d 90 5 100 6620  2.54
3le " 10 97 5540  2.13
311 15 96 4840  1.92
31g 100 5 100 5150 24 0.40
31h " 10 98 4190  2.07 0.34
311 15 94 3900  1.87 0.33
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Example 32

Polymerization of HFANB

In an appropriate sized reaction vessel, a solution of
HFANB (11.0 g, 0.04 mmol), DANFABA (0.048 g, 0.06
mmol), and 15.1 g toluene were added to the vessel and
stirred. The desired amount of formic acid was added and the
vessel was sealed and then heated to 90 C. The catalyst,
Pd(acac), (0.006 g, 0.02 mmol) 1n 1.2 g toluene was added to
the vessel and stirred for 18 hours. The reaction mixture was
then cooled and subjected to total solids analysis (for conver-
sion) and GPC analysis (for molecular weight).

TABLE 32
Ex # % Formic Acid % Conversion Mw Mw/Mn
32a 0% 74% 32030 2.98%
32b 5% 100% 5590 1.61
32¢ 10% 100% 5170 1.55
Example 33

Polymerization of HFANB

In an appropriate sized reaction vessel, a solution of
HFANB (11.0 g, 0.04 mmol), DANFABA (0.048 g, 0.06
mmol), and 135.1 g toluene were added to the vessel and
stirred. The desired amount of formic acid was added and the
vessel was sealed and then heated to 90 C. The catalyst,
bis(tetramethylheptanedionato)palladium (I1I) (0.009 g, 0.02
mmol) in 1.2 g toluene was added to the vessel and stirred for
18 hours. The reaction mixture was then cooled and subjected
to total solids analysis (for conversion) and GPC analysis (for
molecular weight).

TABLE 33
Ex # % Formic Acid % Conversion Mw Mw/Mn
33a 0% 37% 56420 1.97
33b 5% 100% 5170 1.53
33¢ 10% 100% 5060 1.49
Example 34

Polymerization of HFANB

In an appropriate sized reaction vessel, a solution of
HFANB (11.0 g, 0.04 mmol), DANFABA (0.048 g, 0.06
mmol), and 15.1 g toluene were added to the vessel and
stirred. The desired amount of formic acid was added and the
vessel was sealed and then heated to 90 C. The catalyst,
bis(benzoylacetonato)palladium (II) (0.009 g, 0.02 mmol) in
1.2 g toluene was added to vessel and stirred for 18 hours. The
reaction mixture was then cooled and subjected to total solids
analysis (for conversion) and GPC analysis (for molecular
weight).
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TABLE 34
Ex# % Formic Acid % Conversion Mw Mw/Mn
344 0% 48% 44020 2.41
34b 595 100% 5110 1.54
34c¢ 10% 100% 400 1.51

Example 35
Polymerization of HFANB

In an appropriate sized reaction vessel, a solution of
HFANB (11.0 g, 0.04 mmol), DANFABA (0.048 g, 0.06
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and sealed. DANFABA (2.26 g, 2.82 mmol) was added to the
solution. The appropriate catalyst (see table) (0.075 mmol
cach) was added to 25 g portions of the above solution and
sealed. The desired amount of formic acid was added to the
solution and heated to 100° C. and stirred for 18 hours. The
reaction mixture was then allowed to cool to room tempera-
ture and GPC analysis (1or molecular weight) and total solid
measurement (for conversion) were performed.

For 243-1, an appropriate size reaction vessel was charged
with HFANB (30.2 g, 110 mmol) and 44.5 g of toluene and
sealed. DANFABA (0.53 g, 0.66 mmol) and Pd,(dba), (0.20
g 0.22 mmol) were added to the vessel and separated into 25
g portions and sealed. The desired amount of formic acid (FA)
was added to the 25 g portions of this solution. The solutions
were heated to 100° C. for 17 hours. The reaction mixture was
then allowed to cool to room temperature and GPC analysis
(for molecular weight) and total solid measurement (for con-
version) were performed.

TABLE 36
FA %
Ex# Pdcatalyst Pd catalyst (%) Conversion Mw  Mw/Mn
36a  Pd(OAc),* 0.017¢ O 100 0480 235
36b  Pd{OAc), 0.017¢g 5.0 100 5610 1.71
36c  Pd(OAc), 0.017¢  10.0 100 5580  1.68
36d  Pd(acac),** 0.023g 0 100 0960  2.28
36e  Pd(acac), 0.023¢ 5.0 100 5540  1.68
36f  Pd(acac); 0.023 ¢g 10.0 100 5320 1.67
36g  PA(CF,COCHCOCF,)-***  0.039g 0 42 13500  2.16
36h  Pd(CF,COCHCOCF,), 0.039¢ 5.0 81 12480  1.80
361 Pd(CF,COCHCOCF;), 0.039 ¢ 10.0 68 1000 1.75
36]  Pd,(dba)y*** 0.067¢ O R1 17070 2.40
36k Pd,(dba), 0.067¢ 5.0 100 5400  1.68
361  Pd,(dba), 0.067¢  10.0 100 5680  1.68
*Palladium(Il) acetate.
**Palladium(ll) acetylacetonate,
*#*Palladium(Il) hexafluoroacetylacetonate,
FrEFPalladium(Q) dibenzylideneacetone.
40

mmol), and 15.1 g toluene were added to the vessel and Example 37

stirred. The desired amount of formic acid was added and the

vessel was sealed and then heated to 90 C. The catalyst, Polymerization of TFSNB/FPCNB/HFANB

Pd(CF,COCHCOCEF,), (0.010g,0.02 mmol)1in 1.2 g toluene (60/20/20)

was added to vessel and stirred for 18 hours. The reaction 45

mixture was then cooled and subjected to total solids analysis
(for conversion) and GPC analysis (Tor molecular weight).

TABLE 35
Ex # % Formic Acid) % Conversion Mw Mw/Mn
35a 0% 16% 17510 1.96
35b 5% 67% 15360 1.55
35¢ 10% 79% 14170 1.58

Example 36

Polymerization of HFANB

For 24a-1, an appropriate size reaction vessel was charged
with HFANB (129.8 g, 470.0 mmol) and 193.6 g of toluene
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An appropriate sized reaction vessel was charged with

TFSNB (18.4 g, 72.0 mmol), FPCNB (6.48 g, 24.0 mmol),
HFANB (6.59 g, 24.0 mmol), 35.0 goftoluene, 11.7 g of ethyl
acetate and sealed. DANFABA (0.288 g, 0.36 mmol) and
Pd(OAc), (0.027 g, 0.12 mmol) were added to the solution
and separated 1mto 25 g portions and sealed. The desired
amount of formic acid was added the 25 g portions of this
solution. The solution was heated to 100° C. and stirred for 17
hours. The reaction mixture was then allowed to cool to room
temperature and GPC analysis (for molecular weight) and
total solid measurement (for conversion) were performed.

TABLE 37
Ex # Pd catalyst % Formic Acid % Conv. Mw Mw/Mn
37a Pd{OAc) 0 16 9080 1.47
37b Pd(OAc) 5.0 41 3660 1.33
37¢ Pd{(OAc) 10.0 44 3080 1.34
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Example 38
Polymerization of BuNB/TESNB (90/10)

In an appropriate sized reaction vessel, BuNB (8.11 g,
0.054 mmol), TESNB (1.54 g, 0.006 mmol), N,N-dimethy-
lanilinium tris(trifluoromethylsulionyl )methide (0.048 ¢,
0.09 mmol), and 13 .4 g cyclohexane were added to the vessel
and stirred. The desired amount of formic acid was added and
the vessel was sealed and then heated to 60 C. The catalyst,
Pd(acac), (0.009 g, 0.03 mmol) 1n 0.9 g toluene was added to
the vessel and the mixture was stirred for 17 hours. The
reaction mixture was then cooled and subjected to total solids
analysis (for conversion) and GPC analysis (for molecular
weight). One polymer (26¢) was further purified to remove
residual monomer by precipitation from acetone and dried in
a vacuum oven overnight. The composition of the dried poly-

mer was 89:11 BuNB:TESNB by "H-NMR analysis.

TABLE 38
Ex # % Formic Acid % Conversion Mw Mw/Mn
3Ra 0% 26% 5590 1.83
38b 3% 79% 3440 1.76
38¢ 6% 81% 3110 1.94

Example 39
Polymerization of BuNB/AGENB (90/10)

In an appropriate sized reaction vessel, BuNB (8.11 g,
0.054 mmol), AGENB (1.08 g, 0.006 mmol), N,N-dimethy-
lanilintum tris(trifluoromethylsulfonyl)methide (0.048 g,
0.09 mmol), and 12.8 g toluene were added to the vessel and
stirred. The desired amount of formic acid was added and the
vessel was sealed and then heated to 60 C. The catalyst,
Pd(acac), (0.009 g, 0.03 mmol) 1n 0.9 g toluene was added to
the vessel and the mixture was stirred for 17 hours. The
reaction mixture was then cooled and subjected to total solids
analysis (for conversion) and GPC analysis (for molecular
weight). One polymer (27¢) was further purified to remove
residual monomer by precipitation from acetone and dried in

a vacuum oven overnight. The composition of the dried poly-
mer was 89:11 BuNB:AGENB by 1H-NMR analysis.

TABLE 39
Ex # % Formic Acid % Conversion Mw Mw/Mn
393 0% 16% 19100 1.52
39b 3% 35% 3120 2.10
39¢ 6% 40% 2290 1.95

Example 40

Polymerization of HFANB/MeOAcNB. (55/45)

A solution of HFANB (7.54 g, 277.5 mmol), MeOAcNB
(3.74 g, 22.5 mmol), Pd-304 (0.008 g, 0.025 mmol), DAN-
FABA (0.060 g, 0.075 mmol), 12.5 g toluene, and 4.2 g ethyl
acetate was made. The desired amount of formic acid was
added to these vessels and the mixture was heated to 90 C for
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16 hours. The mixture was then allowed to cool to room
temperature, and total solids analysis (for conversion) and
GPC analysis (for molecular weight) were carried out on the
resulting mixture. The polymer was then purified to remove
residual catalyst and then precipitated into heptane and dried
in a vacuum oven. The optical density of the dried polymer at
193 nm was determined and molecular weight (Mw) was
determined by GPC analysis before polymerization and after
purification and precipitation. See Table 40 for results. The
copolymers from 28a and 28b were analyzed by MALDI-
TOF MS and by 1H NMR spectrometry. The major molecular
ion series 1n the MALDI-TOF MS was consistent with
copolymers of HFANB and MeOAcNB with hydrogen end
groups. Consistent with this conclusion was the relative
absence of olefinic end groups observed in the 1H NMR
spectra of 28a and 28b.

TABLE 40
Reaction After
Mixture precipitation
Ex # FA (%) % Conv Mw Mw/Mn Mw Mw/Mn OD (193)
40a 6 100 3304 1.45 4172 1.37 0.22
40b 12 100 3045 1.44 3593 1.30 0.21
A 3-D plot of the effect of polymerization temperature and

formic acid concentration on optical density for polymers
made according to Polymerization Examples 22 and 40 1s
presented 1n Plot B of FIG. 2. The plot shows that for the
Pd-304 catalyst system, higher polymerization temperature
results 1n a higher optical density. The figure also shows that,
for the same polymerization temperature, formic acid can be
used to lower the optical density. In Plot C of FI1G. 3, Mw vs.
formic acid concentration 1s shown for HFANB/MeOAcCNB
copolymers made using Pd-444 and Pd-304 at different tem-
peratures (data from Comparative Example 2 and Examples
22 and 40). The plot shows that formic acid controls the
molecular weight of copolymer made using Pd-304 and pro-
duces a copolymer with a substantially lower OD.

Example 41
Polymerization of HFANB/MeOAcNB (55/45)

A reaction vessel was charged with 68.0 g (248 mmol) of
HFANB, 33.7 g (203 mmol) of MeOAcNB, 114.5 g of tolu-
ene, 38.2 g ethyl acetate, sealed, sparged with nitrogen for 30
minutes and transierred to a dry box. Pd-304 (0.034 g, 0.11
mmol) or Pd-416 (0.045 g, 0.11 mmol) added to 120 g por-
tions of the above solution. The 120 g portions of the mono-
mer mixtures containing the catalysts were divided to 30 g

portions and DANFABA (0.022 g, 0.027 mmol), LiIFABA
(0.024 g, 0.027 mmol), dimethylaniline (0.007 g, 0.057
mmol), t-butylamine (0.0040 g, 0.055 mmol), diethylamine
(0.0040 g, 0.055 mmol) and acetonitrile (0.0020 g, 0.050
mmol) was added as indicated 1n Table 41. Formic acid (0.31
g, 6.74 mmol) was added to the vials indicated and heated to
70° C. for 17 hours (with the exception of vial d which was
kept at RT). Total solid measurements were made to deter-
mine the conversion to polymers.

TABLE 41
Ex # Pd(acac), Pd(t-Buacac), FA T°C. DANFABA [LiFABA tBuNH, NELH NMe,Ph  CH,;CN TS (%) conv (%)
41la 1 0 12% 70 1 0 0 0 0 0 41.2%  100.0%
41 ] 0 12% 70 0 0 0 0 0 26.9% 67.3%
41c 0 0% 70 0 0 0 0 0 23.6% 59.0%
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TABLE 41-continued

Fx # Pd(acac), Pd(t-Buacac), @FA  T°C. DANFABA LiFABA tBuNH, NEt,H NMe,Ph CH,CN TS (%) conv (%)
41d 1 0 0% 23 0 1 0 0 0 0 1.5% 3.8%
dle 1 0 12% 70 0 1 0 0 2 0 5.9% 14.8%
411 1 0 12% 70 0 1 0 0 0 2 20.6% 51.5%
41g 1 0 0% 70 1 0 0 0 0 2 6.7% 16.8%
41h 1 0 12% 70 1 0 0 0 0 2 22.2% 55.5%
411 1 0 12% 70 3 0 0 0 0 2 30.5% 76.3%0
41] 0 1 12% 70 1 0 0 0 0 0 40.1% 100.0%
41k 0 12% 70 0 1 0 0 0 0 20.8%0 52.0%
411 0 12% 70 0 2 0 0 0 1.9% 4.8%
41m 0 12% 70 0 0 2 0 0 3.3% 8.3%
* monomer:Pd = 2000:1, 17 hours
15

Example 42
Polymerization of HFANB/MeOAcNB (55/45)

A reaction vessel was charged with 8.29 g (30.2 mmol) of
HFANB, 4.11 g (24.7 mmol) of MeOAcNB, 13.7 g of toluene,
4.57 g ethyl acetate, sealed, sparged with nitrogen for 30
minutes and transierred to a dry box. L1IFABA (0.024 g, 0.028
mmol), DANFABA (0.022 g, 0.028 mmol), [(t-Buacac)Pd(t-
BuNH,),]JFABA (0.031 g, 0.028 mmol), [(t-Buacac)Pd
(NEt,H),]JFABA (0.031 g, 0.028 mol), [(acac)Pd(CH;CN),]
FABA (0.027 g, 0.028 mmol) and Pd-304 (0.0085 g, 0.028
mmol) was added as indicated 1n Table 42. Formic acid (0.300
g, 6.52 mmol) was added to the vials indicated in the afore-
mentioned table and heated to 70° C. for 17 hours except for
vials d and e which were held at RT. Total solid measurements
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heptane and dried 1n a vacuum oven. The optical density (OD)
of the polymer was then determined (see table).

were made to determine the conversion to polymers.

TABLE 42
Ex# catalyst FA T DANFABA TS (%)
424 (t-Buacac)Pd(t-BuNH, ), |[FABA 12% 770 C. 0 0.8%
42b (t-Buacac)Pd(HNEL, ), |[FABA 12% 770 C. 0 0.5%
42¢ (acac)Pd(MeCN),|FABA 12% 770 C. 0 13.1%
42d (acac)Pd(MeCN),|FABA 0% 23 C. 0 1.2%
42¢ (acac)Pd(MeCN),|FABA 0% 23 C. 1 2.2%
421 (acac)Pd(MeCN)>|FABA 0% 70 C. 0 0.7%
42¢ (acac)Pd(MeCN),|FABA 0% 70 C. 1 12.5%
42h (acac)Pd(MeCN),|FABA 12% 770 C. 1 35.6%
* monomer:Pd = 2000:1, 17 hours
Example 43
50

Polymerization of HFANB/MeOAcCNB (55/45)

To a 60 ml crimp cap vial was charged with 5.28 g (19.3

mmol) HFANB, 2.62 ¢ (15.8 mmol) MeOAcNB, 0.042 ¢
(0.053 mmol) N,N-dimethylanilinium tetrakis(pentatluo-
rophenyl)borate, 6.6 g ethyl acetate and a stir bar. This solu-
tion was sealed and sparged with nitrogen for 40 min. The
desired amount of formic acid was added and the solution was
heated to 70° C., at which point a solution containing 0.011 g
(0.018 mmol) (1,4-benzoquinone)(norbornene)palladium (0)
dimer, dissolved 1n 1.1 g ethyl acetate was added, and the
solution was stirred for 16 hours. The mixture was then
allowed to cool to room temperature, and total solids analysis
(for conversion) and GPC analysis (for molecular weight)
were performed. For Example 1a, monomer and catalyst resi-
dues were removed and the polymer was precipitated from

55
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65

TABLE 43
% Formic Mw/
Ex# Acid Conversion MW Mn OD
43a 10% 100% 3730 1.54 0.16
43b 15% 100% 2890 1.38
43¢ 20% 100% 2960 1.37
conv. (%)
2.1%
1.1%
32.7%
3.0%
5.5%
1.8%
31.3%
89.0%
Example 44

Polymerization of HFANB/MeOAcCNB (55/45)

Ina 60 ml crimp cap vial, 9.05 g (33.0 mmol) HFANB, 4.49
g (27.0 mmol) MeOAcNB, 0.072 g (0.090 mmol) N,N-dim-
cthylanilintum tetrakis(pentatluorophenyl)borate and 17.2 g
tritfluorotoluene were added to the vial and stirred. The
desired amount of formic acid was added and the solution was
heated to 100° C., at which point a solution containing 0.027
g (0.030 mmol) Pd-910, dissolved in 2.7 g trifluorotoluene
was added, and the solution was stirred for 18 hours. The

mixture was then allowed to cool to room temperature, and
total solids analysis (for conversion) and GPC analysis (for

molecular weight) were performed.
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TABLE 44
Ex# % Formic Acid Conversion MW Mw/Mn
444 10% 100% 12760 2.79
44h 20% 100% 10250 2.49

Example 45
Polymerization of HFANB/MeOAcCNB (55/45)

For 45a and 45b, to a 60 ml crimp cap vial was charged with
5.28 g (19.3 mmol) HFANB, 2.62 g (15.8 mmol) MeOAcNB,
0.168 g (0.210 mmol) N,N-dimethylanilintum tetrakis(pen-
tatluorophenyl)borate, 4.2 g ethyl acetate and a stir bar. This
solution was sealed and sparged with nitrogen for 40 min. The
desired amount of formic acid was added and the solution was
heated to 60° C., at which point a solution containing 0.032 g
(0.035 mmol) Pd-916, dissolved m 3.2 g ethyl acetate was
added, and the solution was stirred for 16 hours. The mixture
was then allowed to cool to room temperature, and total solids
analysis (for conversion) and GPC analysis (for molecular
weight) were performed. Monomer and catalyst residues
were then removed and the polymer was precipitated from
heptane and dried 1n a vacuum oven. The optical density (OD)
of the polymer was determined (see table).

For Examples 45¢, 45d and 45¢, to a 60 ml crimp cap vial
was charged with 5.28 ¢ (19.3 mmol) HFANB, 2.62 g (15.8
mmol) MeOAcNB, 0.084 g (0.11 mmol) N,N-dimethyla-
nilintum tetrakis(pentafluorophenyl)borate, 8.6 g ethyl
acetate and a stir bar. This solution was sealed and sparged
with nitrogen for 40 min. The desired amount of formic acid
was added and the solution was heated to 70° C., at which
point a solution containing 0.016 g (0.017 mmol) Pd-916,
dissolved 1n 3.2 g ethyl acetate was added, and the solution
was stirred for 16 hours. The mixture was then allowed to cool
to room temperature, and total solids analysis (for conver-
sion) and GPC analysis (for molecular weight) were per-
formed. For Examples 45d and 45¢, monomer and catalyst
residues were removed and the polymer was precipitated
from heptane and dried 1n a vacuum oven. The optical density
(OD) of the polymer was then determined (see table).

TABLE 45
% Formic
Ex# Temp (° C.) Acid Conversion MW  Mw/Mn OD
45a 60 20% 100% 4540 1.60 0.17
45b 60 30% 100% 4110 1.53 0.16
45¢ 70 0% 53% 18250 1.90
45d 70 5% 100% 4170 1.56 0.17
45e 70 10% 96% 4020 1.53 0.16

Example 46
Polymerization of MeOAcCNB

To a 60 ml crimp cap vial was charged with 5.82 g (35.0
mmol) MeOAcNB, 0.168 g (0.210 mmol) N,N-dimethyla-
nilintum tetrakis(pentatluorophenyl)borate, 6.3 g toluene and
a stir bar. This solution was sealed and sparged with nitrogen
tor 40 min. The desired amount of formic acid was added and
the solution was heated to 70° C., at which point a solution
containing 0.032 g (0.035 mmol) Pd-916, dissolvedn 2.1 g

cthyl acetate was added, and the solution was stirred for 16
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hours. The mixture was then allowed to cool to room tem-
perature, and total solids analysis (for conversion) and GPC
analysis (for molecular weight) were performed.

TABLE 46
Ex # % Formic Acid Conversion MW Mw/Mn
46a 59% 100% 6030 2.33
46b 10% 100% 3740 1.93
Example 47

Polymerization of HFIBONB

To a 60 ml crimp cap vial was charged with 6.08 g (20.0
mmol) HFIBONB, 0.192 ¢ (0.240 mmol) N,N-dimethyla-
nilintum tetrakis(pentatluorophenyl)borate, 6.7 g toluene, 0.4
g ethyl acetate and a stir bar. This solution was sealed and
sparged with nitrogen for 40 min. The desired amount of
formic acid was added and the solution was heated to 80° C.,
at which point a solution containing 0.037 g (0.040 mmol)
Pd-916, dissolved 1in 1.8 g ethyl acetate was added, and the
solution was stirred for the desired time (see table). The
mixture was then allowed to cool to room temperature, and
total solids analysis (for conversion) and GPC analysis (for
molecular weight) were performed.

TABLE 47
% Formic Mw/
Ex# Time Acid Conversion MW Mn
47a 16 h 0% Q7% 9710 2.08
47b 16 h 0.3% 100% 8550 1.81
47¢ 23 h 0.5% 85% 7150 1.57
Example 48

Polymerization of HFANB

To a 60-mL crimp cap vial was charged with 9.60 g (35.0
mmol) HFANB, 0.084 ¢ (0.11 mmol) N,N-dimethyla-

nilintum tetrakis(pentafluorophenyl)borate, 7.5 g ethyl
acetate and a stir bar. This solution was sealed and sparged
with nitrogen for 40 min. The desired amount of formic acid

was added and the solution was heated to 90° C., at which
point a solution containing 0.034 g (0.035 mmol) Pd-910,
dissolved 1n 6.7 g ethyl acetate was added, and the solution
was stirred for 16 hours. The mixture was then allowed to cool
to room temperature, and total solids analysis (for conver-
sion) and GPC analysis (for molecular weight) were per-
formed. Monomer and catalyst residues were then removed
and the polymer was precipitated from heptane and dried 1n a
vacuum oven. The optical density (OD) of the polymer was
determined (see table).

TABLE 48
% Formic Mw/
Ex # Acid Conversion Mw Mn OD
48a 0% 100% 7490 1.72 0.53
48b 5% 100% 6560 1.81 0.46
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Example 49

Polymerization of MeOAcCNB

To a 60-mL crimp cap vial was charged with 5.82 g (35.0
mmol) MeOAcNB, 0.084 g (0.11 mmol) N,N-dimethyla-
nilintum tetrakis(pentafluorophenyl)borate, 5.2 g ethyl
acetate and a stir bar. This solution was sealed and sparged
with nitrogen for 40 min. The desired amount of formic acid
was added and the solution was heated to 90° C., at which
point a solution containing 0.034 g Pd-967 (0.035 mmol),
dissolved 1n 3.4 g ethyl acetate was added, and the solution
was stirred for 16 hours. The mixture was then allowed to cool
to room temperature, and total solids analysis (for conver-
sion) and GPC analysis (for molecular weight) were per-
tformed. Monomer and catalyst residues were then removed
and the polymer was precipitated from heptane and dried 1n a
vacuum oven. The optical density (OD) of the polymer was
determined (see table).

TABLE 49
% Formic Mw/
Ex # Acid Conversion Mw Mn OD
493 2% 100% 4570 2.05 0.98
49h 5% 100% 3040 1.80 0.73

Example 50
Polymerization of TFSNB/FHCNB (40/60)

Ina 60 ml crimp cap vial, 4.08 g (16.0 mmol) TFSNB, 9.22
g (24.0mmol) FHCNB, 13.2 g toluene and 1.0 g ethyl acetate
were added to the vial and stirred. The desired amount of
formic acid was added and the solution was heated to 100° C.,
at which point a solution containing 0.073 g (0.080 mmol)
Pd-910, dissolved 1n 3.6 g ethyl acetate was added, and the
solution was stirred for 18 hours. The mixture was then
allowed to cool to room temperature, and total solids analysis
(for conversion) and GPC analysis (for molecular weight)
were performed.

TABLE 50
Ex # % Formic Acid Conversion Mw Mw/Mn
50a 595 100% 3910 1.40
50b 10% OR% 3710 1.34
50c¢ 20% 029% 3520 1.35

As shown in Comparative Example 1, polymerization
using [Pd(MeCN),|(BF4) (Pd-444) results 1in a norbornene
polymer having a diene terminal group. Comparative
Example 2 demonstrates that such catalyst does not respond
to a CTAA such as formic acid to provide molecular weight
control of the resulting polymer. Further, Comparative
Example 2 shows that the optical density of said polymer 1s
not a function of CTAA (formic acid) concentration.

Polymerization Examples 13-24 and 31-42 demonstrate
the molecular weight controlling efiect of a CTAA for the
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embodiments of the present invention. That 1s to say that such
examples show that by increasing the concentration of such a
CTAA, the molecular weight of the resulting polymer gener-
ally decreases.

Polymerization examples 361-1, 43, and 47 show that in
combination with Pd(0) catalyst precursors, CTAA’s such as
formic acid control the molecular weight of the polymer and
in the case of example 45, lower the OD.

Polymerization Examples 13, 38, 39, 41 and 42 are 1llus-
trative ol the effectthat a CTAA such as formic acid has on the
molecular weight Mw and the percent conversion where a
non-phosphorus or a non-boron containing catalyst 1s
employed to initiate the polymerization. In Polymerization
Examples 13-19, 23, 25, 28, 29, 32-35 and 37 the eflect that
a CTAA such as formic acid has optical density OD 1s dem-
onstrated. Polymerization Examples 22, 24, 30 and 31 are
illustrative of the effect that the combination of CTAA con-
centration, and polymerization temperature (1° C.) has on
control of molecular weight Mw, percent conversion and
optical density (OD) of the resultant polymer. Polymerization
Examples 20, 21, 26, and 27 are illustrative of the effect that
formic acid has on the molecular weight Mw on the polymer-
1zation of various norbornene-type polymers using a non-
phosphorus containing catalyst when conversions are at 100
percent. Polymerization Example 36 1s illustrative of the
elfect that formic acid has on the molecular weight Mw and
the percent conversion on the polymerization of norbornene-
type polymers using various non-phosphorus containing
catalysts. Additionally, the polymers from Polymerization
Examples 9 and 14 were used to develop the proposed chain
transfer and activation mechanism previously described and

depicted 1n FIG. 1.

By now 1t should be realized that embodiments 1n accor-
dance with the present invention that advantageously provide
for the control of the molecular weight and/or optical density
of apoly(cyclic)olefin polymer have been described and dem-
onstrated. Such embodiments do not encompass the previ-
ously noted deficiencies of previously known methods for the
control of molecular weight and optical density and as shown
in the examples above, provide excellent conversion of mono-
mers to polymers little, 1f any, added complexity of process.

We claim:

1. A method of polymenzing polycyclic olefin monomers,
comprising;

combining a monomer composition comprising one or

more polycyclic olefin monomers, a palladium catalyst

complex, and a chain transier/activating agent to form a
mixture; and

polymerizing the mixture to form a polymer,

wherein said chain transfer/activating agent 1s formic
acid.

2. The method of claim 1, where the chain transfer/activat-
ing agent provides for activating the palladium catalyst com-
plex for forming a palladium hydride-containing moiety.

3. The method of claim 1, where the formic acid and the

palladium catalyst complex interact to form a palladium for-
mate intermediate.

4. The method of claim 3, where the formic acid serves as
a chain transfer/activating agent and a catalyst activating
agent.

5. The method of claim 4, where the catalyst complex
comprises at least one phosphorous containing moiety.
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6. A reaction mixture consisting essentially of: 11. The reaction mixture of claim 9, where at least one of
one or more polycyclic olefin monomers; the one or more polycyclic olefin monomers 1s according to
a palladium catalyst complex; the formula

an optional co-catalyst; and

a chain transier/activating agent, 5

wherein said chain transier/activating agent 1s formic acid.
7. The reaction mixture of claim 6, further comprising an
amount of chain transfer/activating agent that 1s from 1 to 25
mole % of the total monomer loading to the reaction mixture. ).I\
8. The reaction mixture of claim 6, where the one or more 10 /\O
polycyclic olefin monomers are at least two distinct types of ‘

norbornene-type monomers.
9. The reaction mixture of claim 6, where the palladium

catalyst complex 1s essentially phosphorous-iree.
10. The reaction mixture of claim 9, where at least one of 15
the one or more polycyclic olefin monomers 1s according to

the formula

CF;

OH 20
(“MeOACNB”).
CF;

(“HFANB”). oEoF R
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